Analysis and occurrence of disinfection by-products in fresh and salt water by Shi, Honglan
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
Spring 2010 
Analysis and occurrence of disinfection by-products in fresh and 
salt water 
Honglan Shi 
Missouri University of Science and Technology, honglan@mst.edu 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Chemistry Commons 
Department: Chemistry 
Recommended Citation 
Shi, Honglan, "Analysis and occurrence of disinfection by-products in fresh and salt water" (2010). 
Doctoral Dissertations. 2768. 
https://scholarsmine.mst.edu/doctoral_dissertations/2768 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
ANALYSIS AND OCCURRENCE OF DISINFECTION BY-PRODUCTS IN




Presented to the Faculty of the Graduate School of the 
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY 






Craig D. Adams, Advisor 
Philip D. Whitefield, co-Advisor 
Jay Switzer 







The dissertation consists of the following five papers that have been published, 
submitted for publication, or will be submitted for publication as followings:
Paper 1, pages 9-27 were published in TALANTA. Vol. 79, (2009), pages 523-
527.
Paper 2, pages 28 -51 has been submitted to ANALYTICA CHIMICA ACTA.
Paper 3. pages 52 -  66 are intended for submission to WATER SCIENCE AND 
TECHNOLOGY.
Paper 4. pages 67 -  86 are intended for submission to WATER SCIENCE AND 
TECHNOLOGY.




Haloacetic acids, trihalomethanes, and bromate are important toxic water 
disinfection by-products (DBPs) that the US Environmental Protection Agency (USEPA) 
regulates in drinking water. Iodoacetic acids and halonitromethanes (HNMs) are the 
unregulated emerging DBPs that have been recently found in the disinfected drinking 
waters, and which have much higher toxicity than the regulated DBPs. The purpose of 
this study was to develop new analytical methods for analysis of these emerging DBPs, to 
study their occurrence in Missouri drinking water systems, and to investigate the 
occurrence and formation of these DBPs in saltwater and seawater based marine park 
aquaria. A new rapid and sensitive method was developed for simultaneous analysis of 
ten brominated and/or iodinated acetic acids, bromate, iodate, bromide, and iodide using 
ion chromatography-inductively couple plasma-mass spectrometry (IC-ICP-MS). A new 
solid phase microextration gas chromatography-mass spectrometry (SPME GC-MS) 
method was also developed for rapid trihalomethanes analysis. Screening occurrence 
studies of the DBPs in 34 Missouri drinking water treatment systems were conducted.
The highly cytotoxic and genotoxic emerging HNMs were observed in most of the 
Missouri drinking waters with the concentrations in the range from non-detectable to 6.7 
pg/L. Occurrence and formation studies of these DBPs in seawater/saltwater-based 
aquaria in commercial marine parks discovered that all of these DBPs were formed in the 
aquaria of marine parks at much higher concentrations than those in the drinking water. 
These DBPs have potential to be harmful and may potentially be one of the causes of the 
eye/skin irritation problems experience in marine park aquaria.
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Disinfection of drinking water is critical to protect the public from pathogens in 
water. Water purification steps generally include oxidation, coagulation, settling, 
disinfection, and filtration. Water disinfection is a process of removal or/and deactivation 
or killing of pathogenic microorganisms, resulting in termination of their growth and 
reproduction. There are different disinfection methods used in water treatment, 
including by oxidation using free chlorine (HOC1/OCF), chlorine dioxide (CIO2), 
monochloramine (NH2CI), ozone (O3), permanganate (MnOf); by photolysis (UV 
irradiation); or by use of other chemical disinfectants.
The most commonly used method of drinking water disinfection is chlorination 
with free chlorine (FC) including for disinfection of drinking water, waste water, 
swimming pool water, and marine aquaria water. Chlorine can be easily applied and 
controlled. It is fairly persistent and relatively cheap. The water chlorination is generally 
processed by applying sodium hypochlorite (bleach, NaOCl) or chlorine gas (CI2). When 
gaseous chlorine is added to water the following hydrolysis reaction takes place:
Cl2 + H20  = H+ + Cl' + HOC1
When free chlorine is dissolved in an alkali solution, the hypochlorite ions (OCF) species 
is the predominant form.
Ozonation is another popular technique for water disinfection. Ozone is not only 
used to control bacteria and other microorganisms, but can also provide clarity of water
2through microflocculation and color reduction by oxidation. Ozone is the most powerful 
oxidant among the commonly used water disinfectants with the oxidizing potential of 
2.07 eV.
Chloramination is increasingly used in drinking water treatment because key 
regulated disinfection by-products (DBPs), namely trihalomethanes (THMs) and 
haloacetic acids (HAAs), are formed less via chloramination than by chlorination. 
Another application of chloramination is the post disinfection treatment of drinking water 
in the distribution system. Chloramination involves the process of adding ammonia and 
chlorine compounds to the water processing system in a controlled manner to form 
chloramines. Chloramine residuals are known to remain effective for longer periods than 
chlorine residuals and can provide good disinfection albeit with longer contact times.
Disinfection of water is key for healthy, clean drinking water and protects 
swimmers, aquatic workers and marine animals from harmful pathogens. Disinfection, 
however, also results in the formation of toxic disinfection byproducts (DBP). DBPs are 
formed by the reaction of disinfectants with natural organic matter and other compounds 
during water disinfection. As of now, more than 600 hundred DBPs have been identified 
in disinfection treated water (Richardson, 2007). These DBPs represent less than 40% of 
organic halogens and more than 60% organic halogens are still unknown.
Key classes of regulated DBPs include trihalomethanes (THM) (including 
chloroform CHCI3, bromoform CHBr3, chlorodibromomethane CHClBr2, 
bromodichloromethane CHCl2Br), and haloacetic acids (HAA) (including 
monochloroacetic acid (MCAA, CH2CICOOH), dichloroacetic acid (DCAA, 
CHCI2COOH), trichloroacetic acid (TCAA, CCI3COOH), monobromoacetic acid
3(MBAA, CH^BrCOOH), and dibromoacetic acid (DBAA, CHB^COOH)), bromate 
(BrCV), and chlorite (CIO2") are DBPs currently regulated by the USEPA. The MCL for 
HAA5 (the sum of five HAAs) is 60 pg/L, for THM4 (the sum of four THMs) is 80 pg/L, 
for bromate is 10 jug/L, and for chlorite is 1000 pg/L.
Many more emerging and unregulated DBPs, such as halonitromethanes (HNMs), 
nitrosamines, haloamides, haloacetonitres, halofuranones, iodo-DBPs, have been 
identified in the recent years. Some of these DBPs are more genotoxic and cytotoxic than 
the regulated DBPs. In general, bromo-DBPs are more toxic than their chloro-DBP 
analogues, and iodo-DBPs are more toxic than their bromo-DBP analogues (Richardson 
et al., 2007). Nitrogen-containing DBPs (N-DBPs) are often more genotoxic or/and 
cytotoxic than those without nitrogen (Richardson et al., 2007). The emerging HNMs 
were reported with highest genotoxicity and cytotoxicity among the DBPs tested up to 
date. Many health problems have been reported related to DBPs. In addition to their 
carcinogenicity, genotoxicity, and cytotoxicity, they also cause spontaneous abortion, 
birth defect, asthma, infections of the respiratory tract and ears.
The drinking water field is only in the early stages of understanding the chemistry 
and toxicology of the emerging DBPs. The high toxicity of the emerging DBPs deserves 
routine monitoring and more research. Reliable and rapid analytical methods are needed 
to study these emerging DBPs in drinking water, swimming pool water, and aquaria 
salt/sea water.
HNMs are highly cytotoxic and genotoxic emerging DBPs (Plewa et al., 2004). 
Brominated halonitromethanes were found to be more toxic than the corresponding 
chlorinated halonitromethanes (Plewa et al., 2004). The maximum concentration of total
HNMs found in nationwide occurrence studies of drinking water was 3 pg/L (Weinberg 
et al., 2002) and 10 pg/L (Krasner, 2006). The occurrence data for these emerging DBPs 
in Missouri drinking water is not available. It is, therefore, useful and important to 
determine the occurrence of HNMs in Missouri drinking water.
Acute and chronic eye/skin irritation problems are experienced at all three marine 
locations in United States: Park A, Park B, and Park C. These irritation effects are 
experienced by both trainers and the sea animals (e.g., dolphins) in the show basins as 
well as back basins, where the animals live and train. It is essential to minimize these 
irritations and other health problems for both trainers and sea animals. Swimming pool 
disinfectants and disinfection by-products (DBPs) have been linked to human health 
effects, including asthma and bladder cancer. More than 100 DBPs, including many 
highly toxic N-DBPs have been identified (Richardson et al., 2009) in swimming pools. 
Marine park aquaria water is more complex than the swimming pool water. The 
disinfectants and DBPs in the aquaria could contribute to health problems. Compared 
with DBPs in drinking water, very little is known about marine aquaria water DBPs, due 
to the complexity of the systems, difficulties in chemical analysis in a high salt matrix, 
and due to lack of study overall. The water chemistry in these aquaria is much more 
complicated than the drinking water and any other fresh water. In addition to the high 
salt and high bromide, the water is also enriched with animal feed, skin and bodily 
excretions such as sweat, urine, fecal matter, pathogens, and algae. These waters, thus, 
may contain thousands of chemicals. The disinfection treatments of marine aquaria 
waters used to prevent the pathogens and algae growing are generally chlorination and 
ozonation, and are typically at higher dosages than used in drinking water. The
4
information on DBPs chemical species and their concentrations in these marine park 
waters is minimal. Similarly, little data exists on eye/skin irritation in marine park 
aquaria water. Because conventional analytical methods generally do not work well for 
the complex matrix water samples, DBP research in marine aquaria water is more 
challenging than in drinking water or even wastewater systems.
In the on-site work (Qiang and Adams, 2006 year report), water samples were 
analyzed on-site for the concentrations of total, free, and combined chlorines 
(chloramines) in various mammal basins at the marine parks with a focus on the Dolphin 
Stadium. In terms of the chloramines, the concentrations of mono-, di-, and 
trichloramines (MCA, DCA, and TCA) were separately determined. Results indicate that 
mono- and dichloramines were present in almost all of the samples, while trichloramine 
was present in about 40% of the samples. The individual concentrations of each 
chloramine were below 0.12 mg/L. The sum of the chloramine 
concentrations ranged from 0.028 to 0.208 mg/L. Chloramines (especially, 
trichloramine) are commonly considered to be a major cause of eye irritation in 
swimming pool water (Nemery, 2002; Kings, 2006; Jacobs, 2007). Eye irritation may 
occur when the sum of chloramine concentrations is greater than 0.2 ppm. However, no 
literature has reported so far what individual concentration of di- or trichloramine can 
cause eye irritation. Trichloramine is also known to be an irritant gas (eyes, pulmonary, 
etc.) in the gas phase coming off swimming pools (Carbonnelle et al., 2002). A 
significant amount of TCA was formed during the chlorination of the seawater. TCA was 
generated from the reactions between free chlorine and organic amines which were 
commonly contained in food debris, and the urine and manure excreted by animals. It is
5
6well known that TCA is a strong eye irritant and, thus, may primarily account for the eye- 
irritation incidents occurring in the dolphin basin. However, only the chloramines along 
could not explain all of the eye irritation experienced in the marine parks aquaria. There 
must be more other irritation sources in the aquaria waters.
The overall objectives of this dissertation are to:
1) develop/validate rapid and sensitive methods for toxic emerging DBPs analysis 
including:
a. a new rapid and sensitive method was developed for simultaneous analysis of six 
brominated and four iodinated acetic acids, bromate, iodate, bromide, and iodide 
using ion chromatography-inductively coupled plasma-mass spectrometry (IC- 
ICP-MS); and
b. a new solid phase microextraction gas chromatography-mass spectrometry 
(SPME GC-MS) method has also been developed for rapid trihalomethanes 
analysis.
2) to apply these new methods for screening study of the DBPs in Missouri drinking 
waters; and
3) to evaluate the occurrence and formation of these emerging DBPs and other well 
known DBPs in marine animal aquaria.
In the overall project in the study, screening analyses of the DPBs in 34 Missouri 
drinking water treatment systems were conducted. Additionally, occurrence and 
formation studies of these DBPs in seawater/saltwater based aquaria in the marine parks 
were conducted for HAAs, THMs, HNMs, and bromate through chlorination and
ozonation.
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9PAPER
1. Rapid IC-ICP/MS Method for Simultaneous Analysis of Iodoacetic Acids, 
Bromoacetic Acids, Bromate, and other Related Halogenated Compounds in
Water
Abstract
Haloacetic acids (HAAs) and bromate are toxic water disinfection by-products 
(DBPs) that US Environmental Protection Agency regulated in drinking water.
Iodoacetic acids (IAAs) are the emerging DBPs that have been recently found in the 
disinfected drinking waters with higher toxicity than their corresponding chloro- and 
bromo-acetic acids. A new rapid and sensitive method has been developed in this study 
for simultaneous analysis of six brominated and four iodinated acetic acids, bromate, 
iodate, bromide, and iodide using ion chromatography-inductively couple plasma-mass 
spectrometry (IC-ICP-MS). Mono-, di- and tri-chloroacetic acid are not detected by the 
method because ICP-MS does not detect the chlorine atom.Detection utilized an Elan 
DRC-e ICP-MS, with quantitation utilizing m/z of 79, 127, and 74 amu for Br, I, and Ge 
(optional internal standard) species, respectively, after IC separation. The primary 
method used an external standard method, although internal standard method approaches 
is also discussed herein. The method was calibrated and validated in a variety of natural 
and disinfection treated water samples. Method detection limits (MDLs) in natural water 
ranged 0.33-0.72 pg L'1 for iodine species and 1.36-3.28 pg L'1 for bromine species.
Spiked recoveries were between 67-123%. Relative standard deviations ranged from
10
0.2-12.8% for replicate samples. The method was applied to detect the bromine and 
iodine species in groundwater, surface water, and swimming pool water.
Key words: Haloacetic acid; iodoacetic acid; bromoacetic acid; bromate; disinfection by­
product; ion chromatography-inductively couple plasma-mass spectrometry
1. Introduction
Haloacetic acids (HAAs), including chloroacetic acids (CAAs), bromoacetic acids 
(BAAs), and iodoacetic acids (IAAs), are carcinogenic DBPs potentially formed during 
drinking water disinfection treatment. The potential health effects from exposure to 
HAAs include increased cancer risk, spontaneous abortions, and birth defects [1,2, 3]. 
The five haloacetic acids (HAA5) regulated by the U.S. Environmental Protection 
Agency (USEPA) include monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), 
trichloroacetic acid (TCAA), monobromoacetic acid (MBAA), and dibromoacetic acid 
(DBAA). The HAA5 regulatory limit under the Stage 2 DBP Rule is 60 pg/L maximum 
contaminant level (MCL) for the sum of the five HAAs [4].
A significant fraction of the unregulated BAAs were found in water treatment 
systems [5, 6]. Similarly, IAAs were also reported present in drinking waters in the U.S. 
[7, 8]. In a most recent occurrence and mammalian cell toxicity study of iodinated DBPs 
in drinking water [9], monoiodoacetic acid (MIAA) and bromoiodoacetic acid (BIAA),
11
together with three lower levels of other iodoacids, were found in the chloraminated and 
chlorinated drinking water in most of 23 cities in the USA and Canada. MIAA was 
found at the highest level (1.7 pg-L"1) in the drinking water compare with other iodoacids. 
Iodoacetic acid was also the most cytotoxic and genotoxic DBP analyzed in a mammalian 
cell system [9,10]. Chloroiodoacetic acid (Cl A A) was also reported formed when 
municipal chlorinated tap water react with iodized table salt during cooking [11]. Recent 
interest in IAAs has greatly increased because they are reported to be much more 
cytotoxic and genotoxic than the regulated CAAs and BAAs. It is possible, though not 
certain, that these currently unregulated BAAs and IAAs may be included in future 
drinking water regulations. Thus, the detection of these emerging iodoacetic acid and 
bromoiodoacetic acid in drinking water and other waters is crucial in order to assess 
potential public health risk of drinking water.
Bromate is a DBP formed primarily during ozonationwhen the bromide ion is 
present [12, 13]. Ozonation of water containing bromide ion (Br) results in the oxidation
of Br' to hypobromous acid (HOBr) and further oxidation of the hypobromite ion (BrO") 
to (Br03') [13, 14]. Degree of bromate formation depends on ozone concentration, pH, 
and contact time. Bromate is a possible human carcinogenic [12, 13]. The USEPA 
current regulation MCL for bromate is 10 pg-L"1 in drinking water; beginning April 1, 
2009, the water treatment systems must have a bromate running annual average (RAA) of 
2.5 pg-L'1 or less based on 1 year of monthly data to qualify for reduced bromate 
monitoring [4]. In a background document for bromate in drinking water, the World 
Health Organization (WHO) has indicated that the health-based value of bromate 
concentration in drinking water is 2 pg-L'1 [13]. However, due to the higher attainable
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practical quantification level (PQL) in many laboratories, a provisional guideline value of 
10 pg L'1 is currently recommended in Guidelines for Drinking-water Quality (GDWQ) 
[15].
The standard analytical methods for the CAAs and BAAs are gas chromatography 
with electron capture detection (GC-ECD) after time-consuming extraction and 
derivatization [16]. Guo et al. have analyzed BAAs and bromate using ion 
chromatography-inductively coupled plasma-mass spectrometry (IC-ICP-MS) and 
achieved very good sensitivity [17]. A direct liquid chromatography/electrospray tandem 
mass spectrometry method has been developed for determination of MIAA with negative 
ion detection mode [18]. A new GC-MS with negative chemical ionization method was 
also developed for iodo-acids detection recently [9]. There are some advantages and 
limitations for each of these methods which utilize a variety of different instruments.
With increasing health concern for iodinated and bromated DBPs, a rapid and simple 
analytical method is desirable.
Several USEPA standard methods have been used for bromate detection in 
drinking water, including EPA Method 321.8, an IC-ICP-MS method [19], EPA Method
300.1, an ion chromatography (IC) method with conductivity detection [20], EPA 
Method 317.0 Revision 2.0 [21], and EPA Method 326.0 [22], ion chromatography (IC) 
methods with post-column reagent addition and UV/Vis absorbance detection.
The EPA Method 300.1, with a practical quantification level (PQL) 
approximately 5 pg-L'1, will not be sufficient for monitoring drinking water for reduced 
bromated monitoring to a lowered RAA of 2.5 pg-L'1 in 2009 [4]. Sensitive and simple 
detection methods will assist in the analysis of bromate at lower levels in drinking water.
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In addition to the toxic HAAs and bromate, the detection of other related 
halogenated compounds, bromide, iodide, and iodate, are also important in raw water and 
finished water because they play a critical role as DBP precursors or competitive 
products in the water. It is a great advantage if a method can be used to detect all of these 
compounds simultaneously.
In this study, a new fast, sensitive and simultaneous detection method for iodo- 
and bromo-acetic acids, bromate, iodate, bromide, and iodide, was developed by coupling 
ion chromatography with ICP-MS. Specifically, the method allows separation and 
detection of MIAA, diiodoacetic acid (DIAA), MBAA, DBAA, tribromoacetic acid 
(TBAA), chloroiodoacetic acid (CIAA), BIAA, bromochloroacetic acid (BCAA), 
bromodichloroacetic acid (BDCAA), dibromochloroacetic acid (DBCAA), bromate, 
bromide, iodide, and iodate without any complex sample preparation except the filtration 
of water sample with a membrane filter. The method does not detect mono-, di- and tri­
chloroacetic acid because ICP-MS does not detect the chlorine atom.
The method was validated and applied to drinking water, surface waters, and 
swimming pool water. These compounds are the important regulated DBPs and their 
precursors in drinking water, swimming pool water, aquaria water, and marine water.
The other iodoacids, such as triiodoacetic acid (TIAA) and iodo-propenoic acid, were not 
tested due to their unstable nature, and reportedly very low levels in drinking water [9].
14
2. Experimentals
2.1. Reagent and Preparation
Three IAAs -  CIAA, BIAA, and DIAA -  were purchased from Orchid Cellmark 
(New Westminster, BC, Canada). MIAA and all of the bromoacetic acids -  MBAA, 
BCAA, DBAA, BDCAA, DBCAA, and TBAA -  were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). All of these chemicals were of the highest purity available. All 
the other ACS certified reagent grade chemicals were purchased from Fisher Scientific 
(Pittsburgh, PA, USA) and Sigma-Aldrich. Deionized (DI) water (18.2 MO-cm) was 
prepared with a Milli-Q water purification system (Millipore, Bedford, MA, USA).
The DI water used for standards and mobile phase preparations was pre-degassed 
by vacuum filtration and/or ultrasonication to prevent any possible oxidation of iodide 
and bromide. Continuous online degas of mobile phases was also performed during the 
IC-ICP-MS analysis. Stock standard solutions were prepared by dissolving the chemicals 
in freshly degassed DI water at a concentration of 100-1000 mg/L, except iodide, which 
was prepared by dissolving sodium iodide in 0.5% ammonium hydroxide at pH 10 to 
minimize the possible oxidation of the iodide. All standard solutions were stored in 
amber glass vials capped with Teflon-lined caps in a freezer or refrigerator. The GeC>2 
stock solution (used as an optional internal standard) was prepared in DI water at 500 
mg/L. All of the standards were freshly prepared monthly. The more diluted working 
standard solutions were freshly prepared daily by dilution with DI water.
IC mobile phase A was DI water, and mobile phase B was 200 mM ammonium 
nitrate in DI water. Both mobile phases were filtered through 0.22-pm Nylon membrane 
filter, and degassed prior to use.
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2.2. Instruments and Operation Conditions
IC separation was conducted using a PerkenElmer 200 Series high pressure liquid 
chromatography (HPLC) system composed of a 200 Series pump and autosampler 
(Perkin Elmer, Norwalk, CT, USA). An automated switching valve was used between 
the HPLC and ICP-MS nebulizer to direct the mobile phase to the waste or ICP-MS. The 
tubing and sample loop were PEEK material. The analytical column was an AS11-HC 
high capacity ion exchange column (4.0x250 mm), with an AG11-HC guard column 
(4.0x50 mm) (Dionex, Sunnyvale, CA). The elution flow rate was 1.0 mL/min, and the 
injection volume was 100 pL. Amber glass sampler vials were used for all samples.
Both the autosampler and column were kept at room temperature (~20°C). The binary 
gradient elution for the separation was programmed as: 15% B for 3 min; increased to 
50% B over 5 min; increased to 100% B over 18 min; maintained at 100% B for 10 min; 
decreased to 15% B over 5 min, and equilibrated at 15% B for 2 minutes prior to the next 
injection. The total run time was 43 min.
The detection system was a Model Elan DRC-e ICP-MS (Perkin Elmer SCIEX, 
Norwalk, CT, USA). Chromaria software was used to control the IC-ICP-MS systems 
for the analysis. Table 1 lists the important ICP-MS instrumental conditions and method 
parameters used for this method.
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Quantitation was performed at a mass/charge (m/z) ratio of 79 and 127 amu for Br 
and I, respectively. (Note: An isomeric m/z of 81 amu was sometimes also monitored for 
additional confirmation for the bromo-compounds).
2.3. Water Samples
Several types of water samples were tested, including laboratory reagent (DI) 
water, finished drinking water from a groundwater source, surface waters, and swimming 
pool water. Water samples were collected in pre-cleaned amber glass bottles, prefiltered 
through a 0.22-pm nylon membrane filter, and stored cold in the dark until analysis. The 
drinking water (DW) was collected from tap water (Rolla, MO, USA) that utilized local 
groundwater as its source, with chlorine added for disinfection. Missouri River water 
(MRW) was collected from the Missouri River (near Jefferson City, MO, USA). 
Mississippi River water (MSW) was collected from the Mississippi River (near St. Louis, 
MO, USA). Merimec Spring water (MSW) was collected at Merimec Spring Park (MO, 
USA). Schuman Pond water (SPW) was collected in Rolla, MO (USA). An indoor 
swimming pool water sample was obtained from a local recreational swimming pool 
treated using free chlorine (Rolla, MO, USA). All of the water samples were analyzed 
directly for halogenated compounds by IC-ICP-MS, after filtration, without any other 
sample preparation.
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Table 1. Inductively coupled plasma-mass spectrometry (ICP-MS) operational 
conditions.
P a ra m e te r O p e ra tio n  se t tin g
ICP RF p o w er 1SOOW
P lasm a g as flow 15 L l  m in
A u x ilia ry  g as  flow 1.201/ m in
N eb u lize r g a s  flo w 1.01 T ra in
S am p le  in tro d u c tio n  sy s te m C yclonic sp ray  c h a m b e r  w ith  M e in fw d  n e b u liz e r
D e tec to r m o d e Dual
A uto  Lens E n ab led
Lens v o ltag e 6.5 V
A nalog s tag e  v o ltag e - 1 6 0 0  V
P ulse  s tag e  v o ltag e 8 5 0 V
S am p le r co n e P la tin u m , 1.1 m m  o rifice
S k im m er co n e P la tin u m , 0 .9  m m  o rifice
M ass re so lu tio n 0.7 a m u
O p era tin g  v a c u u m  p re s su re 6 x 1 0 -®  T o rt
N u m b e r o f  re p lic a te s 3
D w ell t im e 2 5 0  m s
m jz  for Br 79  a m u
m jz  f o r ! 1 2 7 a m u
m jz  fo r Ge 74  am u
3. Results and Discussion
3.1. Separation
A total of 14 different bromo- and iodo-compounds (plus an optional internal 
standard, GeOa) were separated and detected within 39 minutes using this method. A 
representative chromatogram for these 15 compounds is shown in Figure 1. Peak 
identification, retention time, and precision within the same day and between days are 
listed in Table 2. All of the 15 compounds were well separated chromatographically and 
peaks showed very good symmetry. The neutral species, GeC>2, eluted at ~2.8 minute as 
a very sharp peak. Each of the other peaks eluted with retention times of 5.1 min to 38
1 8
min. Excellent reproducibility of retention time was observed with a relative standard 
deviation ranging from 0.03 0.28% for the same day, and 0.39-1.46% for between days, 
over nine non-continuous days within one month of testing time.
Minutes
Figure 1. Chromatograms of 14 halogenated compounds (and GeCF internal standard) 
analyzed using the new IC-ICP-MS method. Peak identification is per Table 2.
Table 2. Peak identification, retention time, and repeatability of retention (percent RSD) 
for same day and between day replicates.
Compound A ffiiw ia tfo n  or forrouh Peak# Minutes detention
Same day RS.D. (SQ(n = 10)
Tim e
Between day R.S.D. (%)(n = 9)
Germanium dioxide C sO j i 2.76
M a te 10, - 2 5.17 0,16 1.10
Bremate i r 0 3- 3 7,63 0.15 0.79
MonofeamoacedcacM MBAA 4 8.19 0.15 1.24
Monoioetoaceticaeid MiAA 5 9.66 0.03 0.97
Bromide B r s 10.88 0.03 9.51
BromdcWorMcetic acid BCAA 7 12.71 0.15 0.63
D rib ro ftto a e e tic a c W D B M S 14.59 0.10 0.56
C M o ro io ta e tica c id i CfAA 9 15.19 0,04 0.56
Brtmioiotfoaceticacid B1AA 10 18.04 0.05 0.39
Iodide r 11 18.98 0.06 1.46
Diiodoacetic acid D IM 12 23.40 0.09 0.42
BramodicitfoEOiceticjcM BDCAA 13 24.5? 0.19 0.56
DibromocMoroatetic acid DBCAA 14 30.11 0.04 0.43
Tribrom M eeticacid I B M 15 37.92 0.28 0.77
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3.2. Calibration Linearity
Calibration curves at concentration ranges of 1-1000 pg/L and 2.5-1000 pg/L for 
iodo- and bromo-compounds, respectively, exhibited good linearity (R >0.999) with the 
external standard method.
3.3. Instrument and Method Detection Limits
Estimated instrument detection limits (IDL) and method detection limits (MDL) 
for all bromo- and iodo-compounds in surface water are shown in Table 3 for a 100 pL 
injection volume. At a signal-to-noise ratio of 3, IDLs in DI water were 0.5-2.5 and 
0.1-0.3 pg L'1 for the bromo- and iodo-compounds, respectively, for the external 
standard method. Method detection limits (MDL) for Missouri River water samples were 
determined following the USEPA standard method. Specifically, seven spike replicates 
were analyzed at a spiked concentration 2-5 times the estimated instrument detection 
limit, with MDLs calculated as the product of the standard deviation (s) and Student’s t 
(a=0.01, d.f.=6). In surface water samples, the MDLs (without an internal standard) 
ranged from 1.36-3.28 and 0.33-0.72 pg’/L’1 for bromo- and iodo-compounds,
respectively.
2 0
Table 3. Estimated instrument detection limit (IDL) and method detection limits (MDL) 
in Missouri River water (MRW) using external standard method.
C om pound IDL (a t S/N = 3) in Dl 
w a te r  (p g  L_1)
MDL in M issouri River 
w a te r  (p g L -1 )














NM = not measured.
These data demonstrated that this method is a sensitive and useful method for 
IAAs, iodide, and iodate without sample pre-concentration or extraction. The sensitivity 
was also good for bromate at 1.65 pg-L"1, which should satisfy the USEPA new 
regulatory limit level of 2.5 pg-L"1 by April, 2009 [4]. All MDLs were more than an 
order of magnitude below the MCL for HAA5 of 60 pg-L"1. If greater sensitivity is 
desired, a larger injection volume could be used (e.g., 500 pL depending on instrument 
configuration).
3.4. Precision
The precision of the method was tested by multiple spiked sample analysis for 
three natural waters under different concentration ranges (Table 4). For drinking water
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from a groundwater supply spiked with 20 and 80 pg/L of the iodo- and bromo- 
compounds, respectively, RSDs ranged from 0.7-10.9%, with a median of 3.4%. For 
filtered Missouri River water (MRW), a spike of 5 and 10 pg/L of the iodo- and bromo- 
compounds, respectively, resulted in RSDs ranging from 1.1-12.8%, with a median of 
3.5%. For the same MRW, a higher spike of 50 and 100 pg/L of the iodo- and bromo- 
compounds, respectively, resulted in RSDs ranging from 0.4-6.4%, with a median of 
2.8%. Method precision was also tested in pond water (SPW) at 100 and 400 pg/L of the 
iodo- and bromo-compounds, respectively, resulting in RSDs ranging from 0.2-2.8%, 
with a median of 1.1 %. These result indicated that this method is highly reproducible 
and meet the USEPA quality control precision criteria [16].
3.5. Spike Recovery
To test method accuracy, spike recoveries for different levels of analyte spikes 
were conducted and are summarized in Table 4 for the external standard method. For 
drinking water from a groundwater supply spiked with 20 and 80 pg/L of the iodo- and 
bromo-compounds, respectively, spiked recoveries ranged from 76.3-123.1%, with a 
median of 100.8%. For MRW, a spike of 5 and 10 pg/L of the iodo- and bromo- 
compounds, respectively, resulted in spiked recoveries ranging from67.4-101.9%, with a
2 2
Table 4. Precision and spike recovery (%) for drinking water (DW), Missouri River 
water (MRW) and Schuman Pond water (SPW) using external standard method.
Drinking water (DW) Missouri River rater (MRW) Missouri River water (MRW) Sctaian Pond water (SPW)















K .S .D .® Recovery
(%)
todate 21.0 0.7 105,2 5.4 0,71 101.9 48.7 3.1 96.8 101.5 0.4 101.5
iodide 15.3 7.2 76.3 5,7 2,0 95,3 48.4 0.4 968 115.2 0.4 115.2
Ml M 24.6 6.2 123.1 4.5 2.6 90.5 48.7 5.8 97.4 115,3 2,8 115,3
D IM 20.5 4.8 102.4 4.8 2.8 96.6 49.5 1.4 99.0 91.4 28 91.4
C 1M 17.6 6.2 87.7 4.7 3.5 94,0 49.6 3.6 99.3 96.2 2.5 96.2
B1AA 23.8 10.9 119.6 4.6 1.1 92.6 49.1 2.7 98.2 105.5 0.2 105.5
Bromate 80,7 2,5 100.9 9.8 3.5 97.8 103.5 6,4 103.5 422.2 1,3 105.6
Bromide 74.4 2.4 94.4 NM NM NM 90.7 3,0 90.7 398.0 12 99.5
M B M 80.6 3.2 100,7 7.6 12,8 76.2 106.3 3.210 106.3 430.6 0.6 107.7
DBAA 80,3 2.4 100.4 7,6 5.9 76.0 101.3 3.6 101,3 401.8 1.9 100.5
TBAA 82.3 2.2 102.9 6.7 9.9 67.4 98.5 0,4 98.5 407.0 08 1018
BCAA 80.0 4.0 100.0 9.9 4.01 98.8 100.4 2.6 100.4 409,1 1.0 102.3
BDCAA 79.8 3.6 99.7 8.4 12.4 83.5 99.2 1.7 99,2 412.5 1.2 103.1
DBCAA 84.2 1.2 105.3 9.8 52 98.4 101,8 1.2 101,8 404.5 0,5 101.1
NM=not measured.
median of 94%. For the same MRW, a higher spike of 50 and 100 pg/L of the iodo- and 
bromo-compounds, respectively, resulted in spiked recoveries ranging from 
90.7-106.3%, with a median of 99.1%. Method accuracy was also tested in pond water at 
100 and 400 pg/L of the iodo- and bromo-compounds, respectively, resulting in spiked 
recoveries ranging from 91.4-115.3%, with a median of 102%. With a single exception 
(of 67.4% for the 5 pg/L spike of TBAA in drinking water), these recoveries are well 
within the commonly accepted range of 70-130% indicated in USEPA method [16].
3.6. Water Samples Analysis
Each of the sources waters (i.e., DW, MRW, MSW, SPW, RSW, and MPIW) was 
tested for the occurrence of all 14 compounds using the external standard method. Only
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iodate, iodide, MBAA, and bromide were detected above the method detection limits. 
The results are tabulated in Table 5.
Table 5. Total organic carbon (TOC) and all detected halogenated compounds in natural 
water and drinking water determined using external standard method (n=2 or 3).
Sample ID TOC (mg/L) (R.S.D.,%) Iodate !p,gL-1)(R,S.D,%) Iodide (|xg ) (R.S.D.,%) MBAA (|xgL-1 ) (R.S.D.,%) Bromide (p,gl"1 K R S .D J )
DW—drinking (tap) water 2.30(0.07) 8,92(16.9) <0.7 <2.54 10.1(6.12)
MRW-Missouri River water 10.2(0.29) 0.2(3.87) 0.86(3,56) <2.54 75.6(2.95)
MSW-Meramec Spring Park water 7.34(0.19) 0.62(9.60) <0.7 <2.54 60.6(1.22)
SPW-Scliuman Pond water 11.7(0.09) 0.74(2.72) <0.7 <2.54 27.0(0.45)
RSW-Rolla swimming pool water 12,8(0.19) 24,7(0.87) <0.7 192(0.19) 12.8(335)
MSW—Mississippi River water 11.0(0.11) 0.29(0) <0.7 <2,54 66.2(1.84)
For the waters tested, the TOC ranged from 2.3 mg/L (for the Rolla finished 
drinking water from a groundwater source) to 12.8 mg/L (for the Rolla swimming pool 
water) (Table 5). Of all the samples tested, the Missouri River water (MRW) sample 
contained the highest bromide and iodide concentrations of 75.6 and 0.86 pg L', 
respectively. The highest iodate was observed in the Rolla swimming pool water (RSW) 
at a concentration of 24.7 pg L\ The only haloacetic acid observed in any of the waters 
was 192 pg L' of MBAA observed in the chlorinated same swimming pool water (RSW). 
All of the surface water samples tested were untreated natural waters and should not 
contain significant levels of HAAs. The drinking water tested was from groundwater 
with low concentration of TOC and also should not have high levels of HAAs.
3.7. Alternative Internal Standard Method
As shown above, the IC-ICP-MS method was successfully developed using an
external standard method (that is, without use of an internal standard). An internal
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standard method was also tested that utilized GeC^ as the internal standard. The selection 
of GeC>2 was based on work by Eickhorst et al. [23]. The purpose of including internal 
standards is to increase the robustness of a method, and to correct for injection and 
instrument variability. Preliminary results for the internal standard method resulted in 
calibration curves with good linearity (R2 ranged from 0.996 to 0.999). It is suggested 
that if an internal standard is required for a given application, use of GeC>2 is likely a 
good candidate.
4. Conclusion
A rapid and sensitive simultaneous detection method for iodide, iodate, bromide, 
bromate, four iodoacetic acids, and six bromoacetic acids was successfully developed, 
validated and applied to natural and treated waters. The method is simple with no sample 
preparation required, except for prefiltration.
This is the first single method reported to date to incorporate these bromo- and 
iodo-compounds in a single separation and detection run, including all of the regulated 
bromoacetic acids, bromate, and emerging iodoacetic acids, as well as their precursors. 
Due to the high toxicity of bromo- and iodo-compounds, there are many applications of 
interest for the method, including occurrence monitoring, treatability, disinfection 
byproduct formation and control, and human exposure studies in drinking water, 
groundwater, surface water, and swimming pool water. The method was also being
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applied and validated in salt water and seawater systems (data not shown). The method is 
especially valuable for monitoring the highly toxic IAAs in treated drinking waters that 
has been found recently in most of the finished drinking water in USA and Canada [9]. It 
is also a very useful method for detect at soon be lower level of bromate (2.5 pg-L'1 
running annual average) [4].
While the MDLs are sufficiently low for most drinking water applications, lower 
detection limits could likely be achieved using a larger injection volume if needed 
(though this was not tested in this work). Immediate application of the method is needed, 
especially in studies to assess the exposure of the general public to these toxic DBPs of 
new and emerging concern.
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2. Fast and Sensitive Detection of Trihalomethanes in Water by Solid Phase 
Microextraction Gas Chromatography-Mass Spectrometry
Abstract
A fast and highly sensitive method for analysis of trihalomethanes (THMs) in 
water by headspace solid phase microextraction (SPME) gas chromatography-mass 
spectrometry (GC-MS) was developed and validated in this study. All four regulated 
trihalomethanes (i.e., chloroform, bromoform, bromodichloromethane and 
dibromochloromethane) were well separated by a gas chromatography capillary column 
and detected by mass spectrometry. The SPME was performed with a 100-pm 
polydimethylsiloxane (PDMS) fiber. Analytical separation and detection took less than 
10 minutes. No sample preparation is required with this new method, except sample 
collection and transfer into a headspace vial. Method detection limits were less than 0.1 
pg L' at the signal to noise ratio of 3 to 5. The effect of salting out by adding sodium 
chloride versus sodium sulfate to the sample is discussed. The method was applied to 
detect trihalomethanes in chlorinated and unchlorinated groundwaters, and municipal 
drinking water from a surface water source. Additionally, the method was validated in, 
and applied to, chlorinated swimming pool water, seawater, and high- and low-bromide 
salt waters from aquatic animal exhibits at marine parks.
Key worlds', trihalomethane; solid phase microextraction; gas chromatography-mass 
spectrometry; disinfection byproducts; drinking water; seawater
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1. Introduction
Free chlorination (HOC1/OC1') is a very common, effective and economical 
method for disinfecting drinking water and wastewater, as well as swimming pool water, 
and seawater and salt water exhibits at marine parks. However, due to the presence of 
natural organic matter, wastes, personal care products from swimmers, feed, and other 
organic materials, disinfection byproducts (DBP) may be generated in disinfected water. 
Trihalomethanes (THM), including trichloromethane (or chloroform, CHCI3), 
bromodichloromethane (CHBrC^), dibromochloromethane (CHBriCl), and 
tribromomethane (or bromoform, CHBr3) are the most prevalent four THMs in 
chlorinated drinking water [1,2], and are known jointly as THM4.
THMs have long been known as toxic compounds to animals [3-5], and are 
suspected as being carcinogenic to humans. A high risk of urinary bladder cancer posed 
by THMs has been reported in a study of humans [6]. THMs, as well as certain 
unregulated DBPs, were found to exhibit carcinogenic potential for human colon cells
[7] . A significant positive correlation between the concentration of THMs in drinking 
water and the risk of death from bladder cancer in Taiwan has also been demonstrated
[8] . A variety of cancer risk studies of THMs concluded that the cancer risk is highest 
with skin exposure while swimming, followed by gastro-intestinal exposure from tap 
water intake [9]. A recent review [10] also indicated that children who swim have an 
increased risk of developing asthma and infections of the respiratory tract and ears. A 
review of genotoxicity and carcinogenicity of halogenated DBPs was published recently
[11]. THMs are also irritating to the eyes, respiratory system, and skin, as indicated in 
MSDSs (material safety data sheets) for THMs.
The U.S. Environmental Protection Agency (U.S. EPA) has set the maximum 
contaminant level (MCL) of THM4 (the sum for the four chloro- and bromo-THMs) at a 
concentration of 80 pg L' in drinking water [12]. The World Health Organization 
(WHO) guideline values for the individual THMs are: chloroform 300 pg L", 
bromodichloromethane 60 pg L', dibromochloromethane 100 pg L‘, and bromoform 100 
Pg L" [13].
THMs are monitored routinely in drinking water in the U.S., and internationally, 
to assure that their concentrations are below the regulatory limits. THMs are less 
frequently monitored in swimming pools and aquatic animal exhibits, even though 
significant risk to the health of humans, other animals, and fish may be present.
Generally, THMs are present at higher concentrations in swimming pool water than in 
drinking water [14], For example, the average concentrations of THM4 were reported at 
125 pg L' (mainly CHCI3) in freshwater swimming pools, and 657 pg L' (mainly CHBr3) 
in saline swimming pools (with maximum concentrations of 430 and 1287 pg L‘ in 
freshwater swimming pool and in salt water swimming pools, respectively).
A review article [15] discussed in detail the human exposure route for DBPs by 
inhalation and dermal exposure in swimming pools, as well as during bathing. Due to the 
toxicity of THMs by skin contact and inhalation by swimmers and workers at swimming 
pools, it is important to understand and minimize the THM levels in swimming pool 
water and ambient air. In marine life parks, the waters in aquatic animal exhibits and 
other basins with marine animals or fish are generally treated natural seawater or artificial
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salt water (with similar inorganic content as seawater). Exhibits and basins at marine 
parks also contain food as well as animal and/or fish excrement.
Treatment of seawater, salt water, and fresh water basins at marine parks usually 
involves filtration, in combination with chlorination and/or ozonation using closed-loop, 
recirculating systems. Biological water treatment is also employed in some systems to 
reduce organic compound concentrations. Chlorination of seawater and salt water is 
usually in the form of free chlorine (hypochlorous acid (HOCl)/hypochlorite (OCf)) 
which can react quickly with ammonium (NH4+) to form the less reactive 
monochloramine (MCA). Ozonation of seawater and salt water quickly leads to the 
formation of HOCl/OCf through reaction of ozone with the high concentrations of 
chloride in the water. Free chlorine reacts with bromide to a greater or lesser degree to 
form free bromine (i.e., hypobromous acid (HOBr)/hypobromite (OBr')). With 
concentrations of bromide greater than nominally 1 mg/L, more free bromine than free 
chlorine is generally formed [16].
Reactions for free chlorine and bromine (as well as other compounds) in treated 
water lead to the formation of a variety of DBPs. Brominated DBPs predominate in 
seawater due to the relatively high bromide concentration of about 60 mg L' [17, 18]. In 
general, brominated DBPs are more toxic than their corresponding chlorinated analogues 
[16]. Effects of DBPs in swimming pools, as well as in waters in marine parks, include 
both eye and skin irritation for swimmers, other mammals, and fish. THMs are one 
important class of DBPs and may contain chlorine or bromine (as well as iodine). THMs 
are carcinogens [16], and may be direct irritants. Formation of THMs may also be an 
indicator of the presence or relative levels of other chloro- and bromo-DBPs. Therefore,
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the detection and control of THMs (and other DBPs) are very important at swimming 
pools and marine parks to protect swimmers, trainers and other park workers, plus the 
marine animals themselves.
There are many methods available for the analysis of THMs in water. Three 
common U.S. EPA methods are liquid-liquid extraction (LLE) with gas chromatography- 
electron capture detection (GC-ECD) [19], purge-and-trap preconcentration with GC- 
ECD detection [20], and purge-and-trap with GC-mass spectrometry (GC-MS) detection 
[21]. Due to good precision, accuracy, and high sensitivity, these methods are widely 
used for routine analysis of THMs in analytical laboratories. A headspace GC-ECD 
method is also used, despite higher detection limits than those of other methods [22]. 
Disadvantages of these systems include the following: 1) LLE preconcentration is 
relatively labor intensive and involves the use and disposal of hazardous solvents; and 2) 
both purge-and-trap and automated headspace preconcentration require specialized 
instrumentation not available in many laboratories.
Other methods have also been developed for THM analysis, including using rapid 
colorimetry [23], GC-inductively coupled plasma-MS [24], dispersive liquid-liquid 
microextraction GC-ECD [25], headspace-programmed temperature vaporizer-fast GC- 
MS [26], on-line purge-and-trap gas chromatography [27], liquid-phase microextraction 
[28], hollow fiber membrane microextraction [29], and negative corona discharge ion 
mobility spectrometry [30]. All of these methods have specific applications, advantages, 
and disadvantages.
Solid phase microextraction (SPME) is an alternative method to the conventional 
sample extraction techniques and has been used increasingly for environmental sample
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analysis, such as BTEX (benzene, toluene, ethylbenzene, xylenes), polycyclic aromatic 
hydrocarbons (PAHs) [31], and pesticides/ herbicides [32, 33]. One SPME GC-ECD 
method for THMs has been reported [34] in the literature, though ECD does not allow for 
the confirmatory power of mass spectrometry. In this study, a simple, rapid, sensitive, 
and organic-solvent-free solid phase microextraction (SPME) GC-MS method for THM 
analysis in aqueous samples was developed and validated in drinking water, groundwater, 
seawater and salt-water characteristic of marine parks. This method addresses the need 
for rapid THM analysis, with high sensitivity that does not involve labor-intensive 
preparation, generation of solvent waste, or specialized instrumentation, yet that has the 
high confirmatory power of mass spectrometry. It should also be a good screening 
method with the potential application of the onsite field analysis, as the portable GC-MS 
instrument is commercially available now.
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2. Experimental
2.1. Chemicals and standard solutions
THM standards (including chloroform, bromoform, bromodichloromethane, and 
dibromochloromethane) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Deionized (DI) water (18.2 MQ-cm) was prepared with a Milli-Q water purification 
system (Millipore, Bedford, MA, USA). Optima grade methanol, ACS-grade sodium 
chloride, sodium sulfate, and ascorbic acid were purchased from Fisher Scientific
(Pittsburgh, PA, USA). Diethyl-p-phenylenediamine (DPD) test kits were purchased 
from HACH Company (Loveland, CO, USA).
Stock standard solutions (1 mg mL’) were prepared in high purity methanol and 
stored at -5°C in the dark in amber glass vials sealed with PTFE-silicone septum caps. A 
primary dilution standard solution containing each analyte at 10 mg L' concentration was 
prepared weekly in methanol, and stored at 5°C in the dark. The working solutions were 
diluted daily in DI water in amber vials, and capped with PTFE-silicone septa caps 
without headspace. The calibration standards were prepared daily, directly in DI water, 
in SPME sampling vials for drinking water, and swimming pool water analysis. 
Calibration standards were prepared in salt water (with nominally the same major 
components as the seawater for marine park aquatic animal exhibit water analysis. To 
test the effects of sodium chloride and sodium sulfate on the method, calibration standard 
solutions were prepared in water with 25% (w/v) NaCl or Na2S04.
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2.2. Sampling
All of the bottles, vials and other glassware used in this study were pre-cleaned 
and then baked at 105°C for 2 hours. Water samples were collected in amber glass 
bottles without any headspace following EPA protocol [21].
The DPD standard method [35] was used for the total chlorine residual analysis of 
the water samples using a DPD test kit. A dose of 0.5 mg m L' of ascorbic acid was used 
to reduce any residual chlorine in the water samples (if detected by the DPD test). Water
samples were either analyzed immediately after collection, or stored at 4°C in the dark 
until analysis following adjustment of the pH to less than 2 with 1:1 HC1.
The SPME fiber used was a Supelco PDMS (polydimethylsiloxane) fiber with 
100-pm coating thickness (Sigma-Aldrich, St. Louis, MO, USA). The fiber was pre­
conditioned at 250°C for 1 hour, according to the manufacturer’s instructions.
For SPME sampling, 10 ml of a water sample was transferred into a 20-ml glass GC 
headspace vial with or without 2.5 g of salt. The vial was then sealed immediately with a 
Teflon-faced septum headspace vial cap. The sample was equilibrated for 30 minutes 
with gentle shaking at a constant temperature (23°C). For SPME extraction, the vial 
septum was pierced with the SPME fiber retracted into the needle. The fiber was then 
exposed to the headspace of the sample vial. The extraction was performed for 3 or 5 
minutes in the headspace of the vial. After extraction, the fiber was again retracted into 
the needle, and the assembly was removed from the septum of the sample vial for GC- 
MS analysis.
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2.3. SPME GC-MS analysis
After the SPME fiber was removed from the sample vial, it was immediately 
injected into the GC injection port with a Merlin Microseal High Pressure Septum 
(Merlin Instrument Company, Half Moon Bay, CA, USA) manual SPME device, and a 
deactivated glass insert liner of 0.75 mm I.D. The extracted compounds on the SPME 
fiber were thermally desorbed into the injection port at 220°C for 3 minute in the splitless
mode.
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The GC-MS used was an Agilent 6890N GC with a 5973 inert MSD detector 
(Agilent Technologies, Inc., Santa Clara, CA, USA). Both an Agilent HP-5ms column 
(30m x 250pm ID, 0.25 pm film thickness) and a Sulpelco short Vocol column (10m x 
200pm ID, 1.2pm film) were tested in the method development. The same column oven- 
temperature program was used for both columns: initial temperature was set at 40°C, held 
for 2 minutes, then ramped at 20°C min' to 150°C, and held for 2 minutes. The total run 
time was 9.5 minutes. The carrier gas (He) flow rate was 1 mL min' (with an average 
velocity of 36 cm sec') for the HP-5ms column and 0.7 mL min' (with an average 
velocity of 53 cm sec') for the Vocol column. The MS quad temperature was set at 
150°C, and the MS source temperature was 230°C. Electron ionization voltage was 70 
eV. Scan acquisition mode (range 34-260 amu) was used for peak identification.
Selected ion monitoring (SIM) mode was used for quantification of THMs. Compounds 
eluting from the GC column in samples were identified by comparing their measured 
mass spectra and retention times to the spectra and retention times of standards. Standard 
spectra and retention times were obtained by the measurement of calibration standards 
under the same conditions used for samples. In SIM mode, two conformer ions were 
used for each compound detected to avoid false positives. The quantification ions and 
the conformer ions for each trihalomethane are listed in Table 1. The external standard 
calibration procedure was used for this method, because the internal standard addition 
was reported to not improve the accuracy and precision of the SPME GC method [36]. A 
surrogate was not used in the method because neither an extraction, nor other complex 
sample preparation procedure, was involved. Data were collected and processed with HP
ChemStation software.
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Table 1. Molecular weights, quantification and conformer ions used for THMs MS 
detection.
TH M s M Quantification
ion
Conform er ion Conform er ion 
1 2
C H C I3 118 83 85 87
C H B rC !2 162 83 85 129
C H B pG I 206 129 127 208
CHBr3 250 173 171 252
3. Results and Discussion
3.1. Chromatographic separation and spectra o f the THMs
All four THMs were well separated within 9.5 minutes with both HP-5ms and 
Vocol columns. Representative GC-MS chromatograms of THM standards, separated by 
both the HP-5ms and Vocol columns, are shown in Figure 1. The elution times and 
reproducibility of elution times within one week, are expressed as percent relative 
standard deviations (%RSD), in Table 2. The results show that the retention time 
reproducibility was very good for each compound by both columns, with a relative 
standard deviation of less than 0.27% for the Vocol column, and less than 0.58% for the
HP-5ms column.
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Figure 1. Chromatograms of THM standards using HP-5ms and Vocol columns.
Table 2. Chromatography retention times and the reproducibility of THMs sampled 
within 7 days.
Vocal column HP-5ms column
THIVIs Retention Time (min) %RSD (n=9) Retention Time (min) %RSD (n=22)
ghci3 1.61 0.27 2.38 0.58
CHBrCI2 3 04 0.15 3.19 0.37
CHBr2CI 4.32 0.10 4.21 0.18
□HBr3 5.45 0.00 524 0.08
The spectra of the THMs, obtained with the standards under experimental 
conditions, are shown in Figure 2. The base ion for both CHCI3 and CHBrCl2 was 83 
amu (CHCl2+ fragment ion). The base ions for CHB^Cl and CHBr3 were 129 amu 
(CHBrCl+ fragment ion) and 173 amu (CHBr2+ fragment ion), respectively. These base 
ions were used for the SIM mode quantification of the THMs. The spectra obtained
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experimentally in this study were well matched to the reference spectra from the spectra 
library, with better than 95% probability-based matching quality.
3.2. SPME absorption (extraction) and desorption times
Optimization of the absorption (extraction) time is essential for quantitative 
detection of analytes by SPME. The absorption time was tested with a 50 pg L' standard 
THM mixture in DI water, with and without 25% Na2S04 for up to 30 minutes. THM 
peak areas were not changed significantly after 2 min of extraction. Thus, 3 or 5 minutes 
extraction times were used for the experiments in this study.
The desorption time was also optimized experimentally. None of the THM peak 
areas changed significantly for 1 to 5 minutes desorption times at 220°C. However, to 
make sure there was no carry over from one injection to the next, and to completely 
desorb any other components from samples, an intermediate 3-minute desorption time
was selected for the final method.
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Figure 2. Mass spectra for four TFIMs
41
3.3. Equilibration time
After transferring the water samples into the headspace vial, and before SPME 
extraction, the temperature stabilization time and completeness of the equilibration of the 
analytes between the liquid and headspace were tested. The result indicated that 30 
minutes of equilibration was required without stirring or shaking at room temperature 
(23°C) (although equilibration could be achieved in a shorter time with stirring/shaking 
of the vial). Thus, a 30-minute equilibration time was selected to stabilize the sample 
temperature and equilibrate the distribution of the THMs between the liquid and 
headspace gas phases (with or without shaking) for the experiments in this study.
3.4. Salt addition effect
Sodium chloride is often added to a sample in order to increase the extraction 
efficiency of SPME due to a salting out effect by increased ionic strength [37]. The 
SPME extraction was tested, with and without 25% NaCl, in the samples in this study. 
With the NaCl present, the signal intensity increased 4-7 times, and detection limits were 
lowered. However, a small amount of bromide impurity is generally present in the 
commercial NaCl, and a 25% NaCl concentration could easily bring mg L' concentrations 
of bromide into a sample. Comparison of results for samples, with and without salt 
additions, showed an increased tribromomethane in some water samples when 25% NaCl 
was added. This data confirmed results reported by the other studies on DBP analysis that 
examined NaCl addition to the samples [19, 38].
When Na2SC>4 was used in place of NaCl, however, the signal enhancement was 
similar with that of the NaCl addition, but no increased tribromomethane was observed. 
Thus, bromide-free Na2S04 can be used for improving the sensitivity of THM detection.
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3.5. Calibration linear range and detection limit
The calibration curve linear range was broad for all of the THM, with or without 
the salt addition, with this SPME GC-MS method. Specifically, without salt addition, the 
calibration curve for each analyte was linear in the range of 0.1 pg L' to 1000 pg L'. The 
regression coefficients (R2) were 0.999, or better, in a concentration range of 0.2 pg L" to 
1000 pg L\ The detection limits were 0.1 pg L' at S/N ratios of 3 to 5.
3.6. Spike recovery
Reagent water (DI water), chlorinated surface drinking water, and ozonated and 
chlorinated marine park salt water (artificial) and seawater (natural) were fortified with 
low, medium, and high levels of THM standards. The spiked recovery results are 
presented in Table 3.
For disinfected tap drinking water, 1,10, 20, and 100 pg U  of standard THM 
were spiked in the water samples (both with or without salt). The spike recoveries for 
CHC13, CHBrCl2, CHBr2Cl and, CHBr3 were 79-118%, 90-120%, 83-125%, and 81- 
132%, respectively. When undisinfected drinking water from a groundwater source was 
spiked at medium and high levels of THM, the spike recoveries were in the range of 88- 
111% with salt addition. Again, most of the recoveries met EPA criteria of 80%-120%
[20, 21], while the only drinking water above of the EPA criteria range was the water 
spiked at a high level of THM and with 25% NaCl addition.
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Table 3. Spike recovery (%) of low, medium, and high levels of THM in different types 
of water samples.
_____Percent Recovery___________
Sample type CHC13 CHBrCl2 CHBr2Cl CHBr3
No added salt
Drinking water spiked with 10 ppb THMs (n=3) 
Drinking water spiked with 20 ppb THMs (n=l)
25% NaCl
Well water spiked with 10 ppb THMs (n=2) 
Drinking water spiked with 100 ppb THMs (n=3)
25%Na2S04
Drinking water spiked with 1 ppb THMs (n=3) 
Well water spiked with 100 ppb THMs (n=2)
Seawater and artificial marine salt water
SeaWorld Park water spiked with 5-50 ppb THMs
70.6 90.8 83.7 82.9
118 103 87.5 81.4
111 111 111 108
117 122 125 132
79.2 90.1 82.6 NA
88.1 94.2 97.2 101
87.1-134 98.2-115 115-130 108-140.
The high recoveries of CHBr3 and CHB^Cl in samples with 25% NaCl are 
hypothesized to be due to the presence of the bromide impurity in the added salt. 
Furthermore, after 30 minutes of equilibration time, the samples showed increased 
concentrations of bromonated THMs after NaCl addition. This effect has been seen by 
others after as little as 15 minutes of reaction time following the addition of NaCl to 
samples [19].
The spike recoveries for the marine park seawater samples were in the range of 
87-140% at the spike level of 50 pg L'. The CHBr3 spike recoveries for some of the 
seawater samples were high, possibly due to the result of the complex matrix of the
samples. In addition to the components of the seawater itself, these seawater sample 
matrixes were further complicated with the presence of animal feed and animal waste. 
Different types of halogenated disinfection byproducts, including haloacetic acid, 
halonitromethane, haloamine, and possible other compounds, were also observed in these 
water samples (data not shown). All of these DBPs are presented in water as complex 
equilibrium system, and may cause the spiked recovery of any individual DBP more or 
less than the fortified amount of standard.
These spike recovery results indicated that the accuracy of the method was in an 
acceptable range for most of the samples, although a higher recovery was found in some 
of the marine park seawater samples due to the complicated sample matrix.
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3.7. Precision
Method precision was tested by replicate analyses of different water samples, 
without addition of salt. Repeatability in different water matrixes, expressed as %RSD, 
ranged from 0.5-14.8% for chloroform, 0.88-22.8% for bromodichloromethane, 0.GO- 
21.1% for dibromochloromethane, and 0.62-22.3% for bromoform (Table 4). The 
reproducibility of this method was mostly within the range of the EPA method criteria 
requirement of 20% [20, 21]. It is anticipated that better precision would be achieved if 
an automated SPME autosampler was used.
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Table 4. Trihalomethane concentrations (pg/L) in water samples (n=l, 2 or 3).
Samples Disinfectant C H C !sft4 R S D ! CHBrCIs (% RS D ) C H B rjC l (% RSD ) C H B fi (%RSD1 TH M 4
T a p  voter
Tap drinking water from aver water source Chlorine 19.8(14.27% ) 1.01 (22.76%) 0.15 <0.1 20.®
Tap Sinking water from underground water soiree Chlorine 0.69(10.5%) 0.61 (15.5%) 206(19.6% ) 7.06 (19.3%) 10.40
2.6 4.43 8.03 <0.1 13.06
Non-potable well water
Well voter without d sinfection treatment tone 0.21 (6.51%) 0.20(4.40%) <0.1 <0.1 0.41
indoor swimming pool water
Rolla, MO Chlorkie 12.91 4 .7 <0.1 <0.1 17.6
Marine park salt water
Marne park A  marine animal pool inlet Jan 2008 Ozone + ehicrins 52.5(14.8%) 1 2 6 (1 7 .1 % ) 7 .1 7 ( 2 1 1 % ) 126 (22.3 % ) 3 5 ®
Marne park A  marine animal poolmairi basin, Jan 2008 Ozone + thlorlrse 65.9 (2.96%) 17.6(0.88%) 11.6(0.00%) 25.3(0.62%) 120.®
Marine park A  marine animal podmain basin, Apr 2QQB O zone chlorine 54.5(0.75%) 13 .4 (10 0 % ) 5.09(3.64%) <0.1 72 .®
Marne park B  marine animal pool Wet, Jan 2008 Ozone + chlorine 1,81 1.84 2.54 16.00 22.20
Marine park B marine animal pool main basin, Jan 2008 Ozone + chlorine 16 2(0 .5% ) 1.89(0.98%) 2 83(3.91% ) 22.0(9.23%) 2 8 ®
Marine park B marine animal pool main basin, t f e  2008 Ozone + chlorine <0.1 <0.1 2 75 (0 .3 7% ) 95.3(257% ) 98.10
Marine park (natural) seawater
Marne park C  marine animat pool inlet, Ja r  2006 Ozone + chlorine 1.83 18 8 3.87 46.12 53.70
Marine park C  marine animat pool main basin, Jan 2008 Ozone + chlorine 1.83 1.82 2.48 19.74 2 5 ®
Marne park C  marine animat' pool main basin, Apr 2008 Ozone + chlorire <0.1 <0.1 3 .4 6 (177% ) 8 1 .7  (2.80%) 85.2
3.8. THMs in water samples
The developed SPME GC-MS method was applied to several types of water 
samples for the analysis of THMs. The surface water tested was treated drinking water 
from a utility utilizing the Mississippi River as its water source. Two groundwaters were 
tested. One was chlorinated deep groundwater from a municipal utility, and the second 
was an unchlorinated groundwater from a private well. Indoor swimming pool water was 
collected locally from a public pool. Marine park water samples were collected from 
aquatic animal exhibits of three marine parks, each disinfected using both free chlorine 
and ozone. One park (Park A in Table 4) used artificial salt water prepared with “low- 
bromide” NaCl (resulting in a bromide concentration less than 1.5 mg L'). A second 
marine park (Park B) used artificial salt water with a higher bromide salt (resulting in a
bromide concentration of 23 mg L'). A third marine park (Park C) utilized filtered 
seawater with a bromide concentration of 60 mg L'.
Representative GC-MS chromatograms from the HP-5ms column separation of 
the surface water, swimming pool water, low-bromide marine salt water, and high- 
bromide seawater after disinfection are shown in Figure 3. The concentrations of the 
THMs detected in these samples are tabulated in Table 4.
These results indicate that there were very low levels of THMs in the groundwater 
without disinfection treatment, as expected. The major THMs in the chlorinated 
municipal drinking water from a groundwater source showed more bromo- 
trihalomethanes than the chloro-trihalomethanes, presumably due to the higher bromide 
present in the groundwater. The THMs in the drinking water from the Mississippi River 
water source was primarily trichloromethane at a concentration of 20 pg L'.
For the marine park water samples, the speciation of the THMs was found to be 
closely related to the bromide concentration in the samples. Trichloromethane was the 
major species in low bromide water, while tribromomethane was the major species in the 
high bromide water samples. This THM species distribution with the bromide 
concentration should be related to the shift of HOC1/OCF to HOBr/OBr', with a 
corresponding shift of chloro-THMs to bromo-THMs. These results are consistent with 
results by Uyak and Toroz [39] who found HOBr was 20 times more reactive than HOC1 
for formation of THMs. These results also agree well with those reported by Fabbricino 
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Fig. 3. Chromatograms of four chlorinated water samples analyzed using SPME GC-MS 
method and the HP-5ms column for separation.
In addition, temporal THM results of marine park aquatic animal exhibit water 
showed seasonal fluctuation of the THM concentrations. Specifically, THM 
concentrations in the samples collected in April and March were much higher than those 
found in samples collected in January. These results suggest that the formation of 
tribromomethane and other THMs may also be related to the treatment variations, as well
as other activities in the pool. More studies are needed to determine of the effects of 
systems parameters on the speciation of resulting THMs.
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4. Conclusions
SPME headspace GC-MS is a suitable analytical method for detecting THMs in a 
variety of water samples, especially for screening purposes. It can be used for drinking 
water, surface water, and complicated matrix water samples, such as seawater and other 
high salt waters. The method is very sensitive, fast, and economical. If automated 
sampling devices could be used, the precision and accuracy would be improved. 
Although addition of NaCl to the sample improves the detection sensitivity, it may also 
impact the apparent concentrations of various THMs in some samples due to the bromide 
impurity in the NaCl. Bromide-free Na2SC>4 is an ideal choice for the salting out of 
THMs during extraction by SPME, and is suggested as the method.
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3. Total Iodine and Total Bromine Detection in Missouri Drinking Water
Systems
Abstract
The total Br and total I in 34 Missouri water systems have been analyzed by an 
ICP-MS method. In source water, the total Br concentrations ranged from 1.71 pg/L to 
1177.44 pg/L; in finished water, total Br concentration ranged from 22.82 fug/L to 
1074.64 pg/L. The total I concentrations in source water ranged from 0.72 pg/L to 50.69 
pg/L; the total I concentrations in finished water ranged from 3.23 to 67.07 (xg/L. Almost 
all the finished waters have higher total Br and total I concentrations compared with those 
in the corresponding source waters. The causes of these total Br and total I increase 
during water disinfection should be further studied for the drinking water quality 
assessment.
Key Words: Disinfection byproducts, drinking water, total bromine, total iodine.
1. Introduction
Different bromine species and iodine species are the precursors of bromo- and 
iodo-DBPs in disinfection treated water. The total bromine (Br, all species of bromo- 
compounds) and total iodine (I, all species of iodo-compounds) levels in the water may
directly relate to the levels of bromo- and iodo-DBPs. If total Br and total I 
concentrations are low in water, it surely indicates that the corresponding Br-DBPs and I- 
DBPs are low, though it may not necessarily be true vice versa. Iodo-DBPs are generally 
much more toxic than their bromated analogs; bromo-DBPs are more toxic than their 
chlorinated analogs (Richardson, 2007). Due to the high toxicity of bromo- and iodo- 
DBPs, increased total I and total Br concentrations may lead higher bromo- and iodo- 
DBPs during water treatment and cause higher health risk.
The objectives of this part of study are to set up a database of total Br and total I 
concentrations in different Missouri drinking water sources and finished drinking waters 
and to investigate the relationship of halogenated DBPs with total Br and total I levels in 
finished drinking water. Total Br includes bromide, bromate, bromamines, bromoacid, 
bromomethane, bromonitromethane and all the other Br species; total I includes iodide, 
iodate, iodoacid, and all the other I species. The above were detected in the water 
samples in this part of the study by using a highly sensitive ICP-MS method.
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2. Methods
2.1. Sample collection and storage
All of the sample bottles were 125-ml amber glass bottles with Teflon liner screw 
caps. The bottles were pre-cleaned by rinsing with ultrapure water, methanol, and then 
baked at 105°C for at least 2 hrs. Prior ship to the water collection site, 12.5mg 
ammonium chloride was added to each bottle and tightly capped. Water collection was
conducted as follows: 1) For tap water collection, after removing aerator (if present), 
open the water tap and let the water flow for ~5 min, then fill sample bottles to just 
overflowing taking care not to flush out the solids. No air bubbles should pass through 
the sample as the bottle is filled, or be trapped in the sample when the bottle is sealed.
Seal the bottle and agitate by hand for one minute. 2) For river, lake, and other surface 
waters, a large pre-cleaned wide mouth bottle or beaker was used to take the water at a 
representative area, and carefully fill the sample bottle from the container to just 
overflowing taking care not to flush out solids; seal the bottle and agitate by hand for one 
minute. The water samples were overnight shipped to the laboratory in coolers with ice. 
The samples were filtered through 0.45um nylon membrane filters and were stored in a 
refrigerator until analyzed. The analyses were finished within 4 days of the water 
collection.
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2.2. Standards and reagent
ACS certified sodium bromide and sodium iodide were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). Ammonium hydroxide was purchased from Fisher 
Scientific (Pittsburgh, PA, USA). Deionized (DI) water (18.2 Mft-cm) was prepared 
with a Milli-Q water purification system (Millipore, Bedford, MA, USA). Sodium 
bromide and sodium iodide were used as calibration standards. Bromide stock standard 
solution was prepared in freshly degassed DI water at a concentration of lmg/mL; iodide 
stock solution (lmg/mL) was prepared by dissolving sodium iodide in 0.5% ammonium 
hydroxide at pH 10 to minimize the possible oxidation of the iodide. All standard 
solutions were stored in amber glass vials capped with Teflon-lined caps in a refrigerator.
More diluted working standard solutions were freshly prepared daily by diluting stock 
solutions with 0.5% NH4OH. Rinsing solution for ICP-MS detection was also 0.5% 
NH4OH.
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2.3. ICP-MS method validation and water sample analysis
The total Br and total I concentrations were detected by ICP-MS method. An 
Elan DRCe ICP-MS instrument (Fig. 1) was used for this test. The instrument operation 
conditions are listed in Table 1.
Fig. 1. Elan DRCe ICP-MS instrument picture.
Quantification was performed at a mass/charge (m/z) ratio of 79 and 127 amu for 
Br and I, respectively. An isomeric m/z of 81 amu was also monitored for additional 
confirmation for the bromo-compounds. Germanium (Ge) was used as the internal
standard.
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Table 1. ICP-MS operational conditions.
Parameter Operation setting
ICP RF power 1500 W
Plasma gas flow 15 L/min
Auxiliary gas flow 1.20 L/min
Nebulizer gas flow Optimized between 1.00 to 1.03 L/min
Sample introduction system Cyclonic spray chamber with Meinbard
Lens voltage 6.5V
Analog stage voltage -1600 V
Pulse stage voltage 850 V
Sampler cone Platinum, 1.1 mm orifice
Skimmer cone Platinum, 0.9 mm orifice
Mass resolution 0.7 amu
Operating vacuum pressure 6 x 10-6 torr
Number of replicates 3
Dwell time 100 ms
m/z for Br 79 amu for quant, 81 amu as conformer ion
m/z for I 127 amu
m/z for Ge 74 amu
2.4. Quality control and quality assurance
EPA quality control and quality assurance guidelines were closely followed 
during all the water samples analysis. For each batch of water samples (8-12 samples in 
each batch), initial instrument calibration, a reagent blank, a sample duplication for each 
type of water, a sample spike for each type of water, and an instrument calibration check 
with a standard solution during detection, were always conducted together with the water 
samples.
57
3. Results and Discussion
3.1. Calibration linearity
Initial instrument calibration was performed in the concentration ranges of 0.5- 
100 pg/L iodide and 2.5-500 pg/L bromide. Correlation coefficients of calibration curves 
were in the range of 0.9999-1 for both iodide and bromide in these calibration ranges.
The calibrations were performed each time for each batch of samples.
3.2. Method detection limits (MDLs)
MDLs were determined by following EPA method. 0.5ppb iodide and 5ppb 
bromide were spiked in MQ water for 7 replicates. The concentrations were detected and 
the MDLs were calculated by:
MDL = 3.14 SD 
Where SD is standard deviation.
The detected MDLs were 0.1 pg/L and 1.6 pg/L for iodide and bromide, 
respectively.
3.3. Method precision and accuracy
Before any water sample analysis, low level reproducibility and spiked recovery 
were determined by spiking 0.5ppb iodide and 5ppb bromide into reagent water. Percent 
relative standard deviations (%RSDs) of seven replicates were 6.58% and 12.35% for 
iodide and bromide, respectively. Percent recovery was 91.4% for iodide, and percent 
recovery was 82.8% for bromide. During water sample analysis, ongoing QA/QC was
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performed by analyzing blanks, duplicated samples, and water sample spikes with each 
batch of samples by following EPA guideline. The %RSDs and spiked recoveries are 
shown in Table 2. The %RSD for the replicated samples ranged from 0.5% to 9.5% for 
iodine except one that might be caused by some contamination or carry over. The %RSD
Table 2. Reproducibility and spiked recovery of water samples (spiked 20 pg/L I and 
100 pg/L Br in water sample).
Water source Sample
%RSD of duplicate Spike %recovery
I Br I Br
Jan -Fe b :
Mississippi River Plant #1 raw water 20.3 14.88
Mississippi River Plant #1 finished water 4.05 5.32 107.9 87.4
Missouri River Plant #3 finished water 2.05 12.3 113.4 102.3
Uncon and collector Wells Plant #5 raw water 0.64 2.5 103.4 98.5
Deep rock wells Plant #8  finished water 5.74 0.67
Reservoir Plant #10 raw water 6.94 4.03 107.5 94.7
Lake Plant #14 raw water 1.32 1.99 98.50 92.95
Lake Plant #16 finished water 2.93 0.01 108.39 96.17
Mississippi River Plant #2 raw water 2.2 2.5 102.1 102.2
Deep Well Plant #21 finished water 1.5 0.6 103.3 94.9
Lake Plant #31 raw water 3.8 4.2 105.8 98.0
Lake Plant #34 finished water 0.5 3.0 104.4 104.4
Jun-July:
Mississippi River Plant #2 raw water 2.28 3.57
Mississippi River Plant #2 finished water 1.18 0.54
Reservoir Plant #9 raw water 102.20 100.52
Reservoir Plant #9 finished water 102.51 95.55
Missouri River Plant # 11 raw water 0.75 2.49 97.30 101.26
Missouri River Plant # 11 finished water 0.91 1.71 96.78 96.32
Deep Well Plant #20 raw water 9.55 2.75 84.58 82.33
Deep Well Plant #20  finished water 6.73 3.03 82.47 80.88
Big River Plant #32 raw water 3.73 2.67 95.88 100.01
Big River Plant #32 finished water 4.98 0.94 96.86 100.02
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for bromine ranged from 0.01% to 14.8%. The sample spike recoveries were tested for 
each batch and different water sources of samples. The spiked recovery ranged from 
82.5% to 113.4% and from 80.9% to 104.4% for iodine and bromine, respectively.
3.4. Total Br and total I  concentrations in Missouri water samples
Water samples from a total of 34 water treatment plants in Missouri State were 
studied. These water samples were from different raw water sources including lake 
water, river water, reservoir water, and underground well water. The treatment method 
for water disinfection was mainly chlorination and chloramination. Both finished water 
and source water samples from each plant were analyzed in winter (January and 
February) and summer (June and July). The results of the samples are tabulated in Table 
3.
For total Br, the concentration range in raw water was from 1.71 pg/L to 711.14 
pg/L with a median of 54.35 pg/L in winter samples, and 16.77 pg/L to 1177.44 pg/L 
with a median of 63.92 in summer samples. The total Br concentration in finished water 
ranged from 22.82 pg/L to 1074.64 pg/L with a median of 256.62 pg/L in winter and 
from 48.54 pg/L to 517.34 pg/L with a median of 151.85 pg/L in the summer samples. 
The bromide concentrations in water treatment plants in a nationwide survey were 
reported to range from 20 pg/L to 400 pg/L (Weinberg, 2001). The highest bromide 
concentration reported is 3 mg/L in United States (Richardson et al, 1999). A more 
recent nationwide survey reported bromide ranged from 24 to 1120 pg/L (median 109 
pg/L) in source waters (Richardson et al, 2008).
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Table 3. Total I and total Br concentrations (jj,g/L) in water samples.
Plant# Treatment
Jan-Feb June-July
Total I Total Br Total I Total Br
Raw Finished Raw Finished Raw Finished Raw Finished
Mississippi River:
1 FC 4.86 5.45 88.09 543.46 6.64 9.99 907.69 260.64
12 FC 6.58 7.72 98.67 308.42 6.55 33.60 46.31 135.55
2 Chloramines 7.44 12.79 108.24 418.68 7.59 17.15 132.48 231.06
Missouri River:
3 Chloramines 10.56 18.81 711.14 216.58 7.09 7.85 50.68 74.16
4 Chloramines 20.04 13.49 217.05 1074.64 *ND 8.50 ND 182.65
11 Chloramines 9.57 14.94 256.75 315.21 8.94 11.86 111.63 207.16
Big River:
32 Chloramines 2.43 9.86 32.46 75.30 6.16 9.80 37.05 48.54
Reservoirs:
30 FC 9.10 19.80 44.93 274.82 9.07 8.94 51.66 168.22
9 FC 8.89 11.68 66.25 175.84 7.92 9.63 66.94 202.65
10 Chloramines 4.61 5.30 32.64 124.65 9.08 8.57 68.72 279.37
Lakes:
14 Chloramines 11.71 37.69 63.09 304.16 10.57 20.31 63.92 262.13
16 Chloramines 23.02 67.07 49.82 243.45 ND 17.62 ND 58.09
17 Chloramines 6.85 11.03 28.38 89.18 9.18 10.45 27.45 95.16
28 Chloramines 6.98 ND 23.42 ND 13.94 4.16 41.27 48.87
13 FC 7.53 10.37 44.11 155.86 9.76 10.25 39.65 180.88
15 FC 10.18 20.33 45.76 269.79 14.79 21.87 42.85 208.51
18 FC 11.67 18.92 30.67 125.80 14.87 20.00 37.13 128.86
27 FC 6.34 9.21 17.14 139.74 5.70 10.94 37.52 86.94
33 FC 13.32 7.29 22.70 201.61 13.98 11.53 193.42 148.06
29 FC 27.93 53.15 59.69 292.55 23.72 31.76 50.81 175.42
31 FC 13.43 ND 37.31 ND 2.52 17.82 16.77 144.33
34 FC 3.82 21.69 51.13 175.50 7.19 13.52 34.69 77.71
D eep wells:
19 FC 19.36 29.36 57.56 137.65 22.06 20.90 80.19 80.87
20 FC 0.72 3.82 29.77 61.15 2.86 3.23 98.16 92.23
21 FC 8.87 14.53 1.71 22.82 13.72 14.80 47.67 57.03
22 FC ND* 19.82 ND 49.90 14.37 15.57 53.78 57.88
7 FC 4.51 21.93 28.99 150.76 8.93 14.28 78.10 109.92
8 Chloramines ND* 14.66 ND 441.18 50.69 13.08 1177.44 425.25
Uncon and collector W ells :
5 Chloramines 16.97 65.37 265.61 342.58 15.57 29.32 158.79 150.67
6 FC 18.54 35.73 147.96 429.19 ND 24.63 ND 300.00
23 FC 18.622 43.356 90.346 485.876 21.08 31.29 123.53 370.91
24 FC 2.952 6.426 58.082 375.77 5.15 4.73 107.96 153.03
25 FC 8.172 7.992 186.958 293.33 4.94 6.79 76.43 200.95
26 FC 20.784 24.548 149.034 720.308 20.16 28.17 107.53 517.34
Min 0.72 3.82 1.71 22.82 2.52 3.23 16.77 48.54
Max 27.93 67.07 711.1 1075 50.69 33.60 1177 517.3
Median 8.99 12.79 54.35 256.6 9.08 13.30 63.92 151.8
* ND: No data, bottle broken
The comparison of source water and finished water average total Br 
concentrations in different types of water sources from winter and summer collected 
samples is shown in figure 2. The total Br concentration in uncon and collector wells 
source water was high on average; the lowest average total Br concentration was detected 
from the big river source water.
The concentrations of total I ranged from 0.72 pg/L to 27.93 pg/L with a median 
of 8.99 pg/L in untreated source water for the winter (January to February) samples, and 
ranged from 2.52 pg/L to 50.69 pg/L with a median of 9.08 pg/L in the summer (June 
and July) samples. For finished drinking water, the total iodine concentration ranged 
from 3.82 pg/L to 67.07 pg/L with a median of 12.79 pg/L in the winter and from 3.23 
pg/L to 33.60pg/L with a median 13.30 pg/L in summer samples. The iodide 
concentrations in United States drinking water plants were reported in a recent survey to 
range from 0.4 to 104.2 pg/L (median 10.3 pg/L) in source water (Richardson et al., 
2008). The Missouri source water iodine level is similar or lower (because total iodine, 
not iodide, was detected in this current study) in general than those of the nationwide 
survey water.
The comparison of total average iodine concentrations in different types of water 
sources for both the winter and summer samples are shown in Figure 3. Uncon and 
collector well water showed the highest total I concentration in average; big river water
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showed the lowest total I.
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Figure 2. Average total Br concentrations in raw and finished waters from different 
water sources. (Note: The raw water data from a deep rock well (Plant #8) were not 
included in the figures because the concentration of total Br was very high, very different 
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Figure 3. Average total I concentrations in raw and finished waters from different water 
sources. (Note: The raw water data from a deep rock well (Plant #8) were not included in 
the figures).
For most of water samples analyzed, the total Br and total 1 concentrations were 
much higher in finished water than those in their corresponding source water. This 
indicated that the water treatment process might have brought the total I and total Br into
finished water. This might be due to the iodo- and bromo-impurity of chlorine used for 
the water disinfection and/or other materials used during water treatment process.
Because Iodo-DBPs and bromo-DBPs are much more toxic than their chlorinated 
analogues, the purity of the disinfectant may be very important for safe drinking water. 
These should be further studied to make confirmative conclusion. There is very little 
information currently available for the total I and total Br in treated and untreated water. 
Literature search has only found bromide and iodide concentrations in US drinking water 
system (Richardson 1999, 2008, Weinberg 2001), not total Br and total I. Different 
analytical methods should be used for the conformation. However, there is no other 
method available for this test. Our new IC-ICP-MS method should be used for the 
inorganic and HAA detection, though the other organic species bromo- and iodo- 
compounds cannot be detected.
The average total Br and total I concentrations were higher in winter samples than 
those in summer samples. This may be due to, at least partially, the unusual high 
precipitation (run) during the summer of 2009. It might also be because of the salt used 
for ice/snow melting in the winter because Br and I are the common impurities of the salt.
It is worth it to point out that the both bromine and iodine concentrations in one 
deep rock well raw water (plant #8) were detected much higher than other raw water 
samples, reaching 50.69 pg/L of total I and 1177.44 pg/L of total Br in summer samples. 
The winter sample concentration for this water treatment plant was not detected because 
the containers for the water samples were broken during shipment. The reason for this 
high concentration in this sample is not clear. A re-sampling for this plant should be very 
helpful to confirm these high concentrations. Another especially high concentration of
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total Br was detected from a Missouri River source water plant (plant #4, 1074.64 pg/L) 
in the winter sample. However, the concentration was not high in the water collected in 
the summer. One raw water sample from Mississippi River water source was detected at 
a high concentration (plant #1, 907.69 pg/L) of total Br in the summer sampling, but not 
in the winter sampling. It will be useful to re-sample these water treatment systems for 
further confirmation.
4. Conclusions
The total Br and total I in 34 Missouri water systems, including untreated raw 
water (source water) and treated water (finished water), were analyzed by ICP-MS 
method in two seasons, winter (Jan and Feb) and summer (Jun and Jul). In source water, 
the total Br concentrations ranged from 1.71 pg/L to 711.14 pg/L with a median of 54.35 
pg/L in winter and from 16.77 to 1177.44 pg/L with a median of 63.92 pg/L in summer; 
in finished water, total Br concentration ranged from 22.82 pg/L to 1074.64 pg/L with a 
median of 256.62 pg/L in winter and from 48.54 pg/L to 517.34 pg/L with a median of 
151.85pg/L in summer. The total I concentrations in source water ranged from 0.72 pg/L 
to 27.93 pg/L with a median of 8.99 pg/L in winter and from 2.52 pg/L to 50.69 pg/L 
with a median of 9.08 pg/L in summer; the total I concentrations in finished water ranged 
from 3.82 to 67.07 pg/L with a median of 12.79 pg/L in winter and ranged from 3.23 
pg/L to 33.60 pg/L with a median of 13.30 pg/L in summer. In most water systems, the 
total Br and total I concentrations were higher in finished drinking water than those in the
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source water. The causes of these Br and I increases in finished water are not clear 
though it is possible from the impurity of the disinfectant free chlorine disinfectant used. 
Further investigation is needed to confirm this finding, and Br and I speciation study to 
find out the chemical species of Br and I in these waters will be very useful for Missouri 
drinking water quality assessment and health risk.
Acknowledgment
This research work was supported under a cooperative agreement with the 
Missouri Department of Natural Resources (MDNR, Jefferson City, MO).
References
Richardson S. D., Plewa M. J., Wagner R. S. and DeMarini D. M. (2007). Occurrence, 
genotoxicity, and carcinogenicity of regulated and emerging disinfection by-products in 
drinking water: A review and roadmap for research. Mutation Research, 636, 178-242.
Richardson S. D., Fasano F., Dllington J. J., Crumley F. G., Buettner K. M., Evans J. J., 
Blount B. C., Silva L. K., Waite T. J., Luther G. W., Mckague A. B., Miiltner R. J., 
Wagner E. D. and Plewa M. J. (2008). Occurrence and mammalian cell toxicity 
iodinated disinfection byproducts in drinking water. Environ. Sci. Technol., 42, 8330- 
8338.
Richardson S. D., Thruston A. D., Caughran T. V., Chen P. EL, Collette T. W., Floyd T. 
L., Schency K. M., Lykins B. W., Sun G.-R. and Majetich G. (1999). Identification of 
new drinking water disinfection byproducts formed in the presence of bromide. Environ. 
Sci. Technol., 33, 3378-3383.
Weinberg H. S. (2001). American Waters Quality Technology Conference, American 
Water Works Association, Denver, CO.
67
4. Occurrence of Halonitromethanes in Missouri Drinking Water Systems
Abstract
Halonitromethanes (HNMs) are a group of emerging disinfection by-products that 
have been discovered more recently. This group of DBPs are more toxic than most of the 
currently regulated DBPs. In this screening study, from 34 Missouri drinking water 
treatment systems using different source waters, including river water, lake water, 
reservoir water, and underground water, have been investigated for the occurrence of 
HNMs in the water. The analytical method used was a published liquid-liquid extraction 
(LLE) followed by GC-MS detection. In total, 9 HNMs, including chloronitromethane 
(CNM), dichloronitromethane (DCNM), trichloronitromethane (TCNM, chloropicrin), 
bromonitromethane (BNM), dibromonitromethane (DBNM), tribromonitromethane 
(TBNM, bromopicrin), bromochloronitromethane (BCNM), bromodichloronitromethane 
(BDCNM), and dibromochloronitromethane (DBCNM), were studied. The water 
samples were collected in two seasons, winter (January and February) and summer (June 
and July). The total HNMs were found from non-detectable to 6.71 pg/L with a median 
value of 1.65 pg/L in the drinking waters studied in the winter season; total HNMs in the 
waters were from non-detectable to 2.83 pg/L with a median value of 0.98 pg/L in the 
summer season. The major HNMs found were TCNM and BCNM. These concentration 
ranges are consistent with the reported values in nationwide screening studies.
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1. Introduction
Halonitromethanes are a group of DBPs that have been discovered recently to be 
formed during the water treatment process (Richardson et al., 1999a). This group of 
compounds includes nine compounds and is listed in Table 1. Selected physical 
properties of these compounds are also listed in the table.
Table 1. Halonitromethans (HNMs) and selected properties.
HNM Abbreviation CAS# bp°C M.F.
Chloronitromethane (chtoropicriti) CNM 76-06-2 122-123 CH2d N 0 2
Dichbronitromethane DCNM 7119-89-3 108-110 CHC^NOz
Trichbronitromethane TCNM 76-06-2 112 CCI3NO2
Bromonitromethane BNM 563-70-2 146-148 BrCH2N 0 2
Dibromonitromethane DBNM 598-91-4 55-56 CHBr2N 0 2
Tribromonitromethane (bromopierin) TBNM 464-10-8 85-86 CBr3N 0 2
Bromochbronitromethane BCNM 135531-25-8 85-87 CHB1CNO 2
Bromodichbronitromethane BDCNM 918-01-4 52 CBr O2NO2
Dibromochbronitromethane DBCNM 1184-89-0 67-69 CBr2d N 0 2
HNMs are carcinogenic drinking water disinfection by-products (DBPs) that have 
received a high priority for health effects research from the USEPA in the past several 
years. HNMs are highly cytotoxic and genotoxic emerging DBPs (Plewa et al., 2004). 
Brominated halonitromethanes were found to be more toxic than the corresponding
chlorinated halonitromethanes (Plewa et al., 2004). The toxicity of HNMs is as high as 
for haloacetic acids (HAAs) in drinking water (Plewa et al., 2004). The maximum 
concentration of total HNMs found in a nationwide occurrence study of drinking water 
by Weinberg et al. (2002) was 0.1-3 pg/L, while another study (Krasner, 2006) reported 
concentrations up to 10 pg/L.
The occurrence data of this group of DBPs is not available for Missouri drinking 
water systems and should be evaluated in order to eliminate/minimize this group of DBPs 
in the drinking water. The major objective of this study is to assess the occurrence of 
HNMs in Missouri drinking water systems. The specific goals of the study were: 1) to 
measure the concentrations of HNMs in Missouri public drinking water systems; 2) to 
assess the relationship of HNM production with different water sources, including river 
water, lake water, reservoir water, and underground water; 3) to evaluate the possible 
correlation of HNM concentration and total Br concentration. The results of this study 
can help Missouri drinking water systems to eliminate/minimize the health hazard of this 
group of DBPs, and ultimately benefit the public health of Missourians. It should also be 
an addition to the nationwide screening database.
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2. Methods
Published analytical methods were used for this study with slight modifications 
(Richardson et al., 1999b, Krasner, et al., 2001, Chen et al., 2002). The experimental 
procedures are outlined in the following.
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2.1. Water sample collection and storage
The sample collection methods were the same as those of total Br and total I 
analysis in Missouri water. The analysis was generally performed within 48 hours. As a 
comparison purpose, the representative untreated source water samples of each type of 
water source were also collected and analyzed for HNMs.
2.2. Standards and reagents
Standard BNM and TCNM were purchased from Sigma-Aldrich (St. Louis, MO, 
USA); the other HNM standards, those not commercially available currently, were 
synthesized from Orchid Cellmark (New Westminster, Canada). Naphthalene-ds was 
used as internal standard (IS), which was purchased from Sigma-Aldrich. Sodium 
sulfate, copper sulfate, and methyl-Ze/V-butyl ether (MTBE) were all purchased from 
Fisher Scientific (Pittsburgh, PA, USA). The standard stock solutions were prepared in 
MTBE at a concentration of 100 mg/L or 1000 mg/L in amber glass vials and stored in 
the refrigerator.
2.3. Liquid-liquid extraction (LLE)
The extraction procedure is as follows: adjust the pH of the water samples to 3.5 
with .5 M sulfuric acid, transfer 30-ml water sample into a 40-ml glass vial with 10 g 
sodium sulfate and 1 g copper sulfate, mix to let all of solid dissolve, then add 3 ml of 
MTBE into the vial for extraction; shake for 5 min to extract the HNMs into MTBE; let 
set for 10 minutes, take 1ml upper extractant into an autosampler vial; add 20 pL
naphthalene-dg IS (concentration 500 ppb) into the 1 ml extractant in the sample vial; 
finally, seal the sampler vial for GC-MS analysis.
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2.4. GC-MS analysis
The GC-MS system used was an Agilent 6890 GC with a 5973N mass selective 
detector (MSD). The GC column was a HP-5ms (Hewlett Packard, USA) column with a 
30 m long, 0.25 mm i.d., and a 0.25-pm film thickness. The GC oven temperature was 
programmed as: initial temperature 35°C for 4 min, 9°C/min to 130°C, then 30°C/min to 
250°C, and hold for 10 min. The injection port temperature was 170°C and the MS 
source temperature was 200°C. The GC-MS transfer line temperature was 225°C. The 
injection volume was 2 pL. For qualitative identification, scan mode was used with a 
scan range of 35-300 amu. For quantification, SIM (selected ion monitoring) mode was 
used.
3. Results
3.1. HNM spectra and separation
Standard HNMs were injected individually for GC-MS analysis with scan mode. For 
each peak, the retention time and mass spectrum were obtained. The mass spectra of 
HNMs are shown in Figure 1 and retention time of each HNM is listed in Table 2. A
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representative chromatogram of all nine HNMs together in a standard mixture is shown 
in Figure 4. All of the 9 HMNs were well separated.
A b u n d a n c e
Abundance
Scan 423 (4.443 min): DCNM.D
Figure 1. Mass spectra of all 9 halonitromethanes (HNMs)
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Figure 1. Mass spectra of all 9 halonitromethanes (HNMs). (Continued)
Abundance
Figure 1. Mass spectra of all 9 halonitromethanes (HNMs). (Continued)
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2
Figure 2. Chromatogram of nine halonitromethanes standards. Peak 6 (7.76 min) was 
very small due to high instability of this standard which degraded quickly after 
preparation. Peak #10 is naphthalene-dg internal standard (IS).
Although TBNM, BDCNM, and DBCNM standards were tested to determine 
their spectra and retention times, these HNMs were found very unstable and decomposed 
quickly. For example, BDCNM decayed in several hours when diluted in a mixture with 
other standards. Therefore, they were not quantitatively analyzed for this study. For all 
the water samples analyzed in this study, no peaks were found at the retention times of 
these three unstable standards. They might be not present in the water samples, or 
possibly, they were degraded during sample transportation and processing.
Based on the scan mode results, quantification parameters were chosen for 
quantitative analysis of HNMs. Retention times, quantification ions, and conformer ions
of SIM mode are listed in Table 2.
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Table 2. Halonitromethanes retention times, MS quantifier and conformer ions.
Peak # Symbol Rt (m in) MW Q uant ion Conform er ion
1 CNM 4.07 96 49 51
2 DCNM 4.44 130 83 85
3 TCNM 5.14 165 117 119
4 BNM 6.02 140 93 95
5 BCNM 6.7 175 129 127
6 BDCNM 7.76 209 163 161
7 DBNM 8.81 219 173 171
8 DBCNM 10.15 254 207 209
9 TBNM 12.3 298 251 253
10 IS 13.73 256 136
3.2. Calibration
The calibration concentration range used was 0.5 - 50pg/L. All of the standards 
tested showed good calibration linearity with resulting correlation coefficients, each 
being better than 0.99 (Table 3).
Table 3. Calibration curve correlation coefficients
Compound CNM DCNM TCNM BNM BCNM DBNM
R2 >0.999 >0.999 >0.998 >0.999 >0.999 >0.978
3.3. Method detection limits (MDLs)
The MDLs of HNMs were determined by following the EPA standard method. 
HNM standards were spiked in finished tap water (from underground source water) at 0.2
ppb concentration of each standard. Seven replicate sample analyses were performed 
through the entire procedures of LLE and GC-MS analysis. MDLs were calculated by 
the equation:
MDL = 3.14 xSD
Where SD is the standard deviation of the seven replicates. The MDLs of HNMs are 
shown in Table 4.
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Table 4. Method detection limits (MDLs) of halonitromethanes.
HNM CNM DCNM TCNM BNM BCNM DBNM
MDI 0.07 0.09 0.10 0.06 0.10 0.20
3.4. Method reproducibility
Reproducibility of the method was tested initially by spiking 0.2 pg/L HNM 
standards into finished drinking tap water followed by analysis using the aforementioned 
analytical procedures. Percent relative standard deviations (%RSD) ranged from 9.81% 
to 27.58%. The large %RSDs were obtained because the spiked concentrations were 
very low (e.g., near their MDLs). During sample analysis, at least one duplicated sample 
analysis was performed for each batch of samples for the winter season samples. %RSDs 
was ranges from 0.7% to 19.5% except for TCNM which had a higher %RSD of 53.1% 
in one batch. The reason of this large %RSD was not clear. Detailed data of 
reproducibility are shown in Table 5.
78
Table 5. Reproducibility (precision) of replicated analysis of water and spiked water 
samples.
%RSD
Water source Replicated Samples/Spikes
CNM DCNM TCNM BNM BCNM DBNM
Jan-Feb:
F in is h e d  d r in k in g  w a te r 0.2  p p b  s p ik e d  (n = 7 ) 9.81 16.00 17.96 9.36 13.12 27.58
Mississippi River Plant #01 finished water 4 .0 19.5 1.4 16.6 15.6 17.3
Deep rock wells Plant # 7 Raw water N P * NP NP NP NP NP
Mississippi River Plant # 12 finished water NP 1.1 1.0 3.1 1.0 NP
Lake Plant # 13 finished water N P 0.9 53.1 14.1 1.3 NP
Lake Plant #18 finished water N P 8.7 1.9 4.4 0.7 NP
Lake Plant # 34 finished water N P 5.9 1.9 4.3 0.7 NP
Jun-Jul:
Mississippi River Plant #01 finished water NP 9.2 1.8 1.0 0.1 NP
Missouri River Plant #11 finished water spike (1 pg/L) 3.7 5.4 3.4 2.8 2.8 0.9
Unconsolidated Wells Plant # 25 Raw water spike (1 pg/L) 2.6 0.4 2.9 0.9 4.5 4.2
Unconsolidated Wells Plant # 25 finished water spike (1 pg/L) 3.5 3.3 0.6 1.1 2.6 10.7
Reservoirs Plant # 30 Raw water spike (1 pg/L) 3.5 10.4 3.4 4.5 6.7 4.2
Reservoirs Plant # 30 finished water spike (1 pg/L) 0.6 12.5 18.2 0.5 4.0 1.4
* No peak detected
For the summer season samples, the replication tests were performed by 
duplication of spiking 1 pg/L HNMs standard in water samples. The reason for using 
replicated spiking for reproducibility test was because some of the HNMs were not 
present above their MDLs. At least one sample was analyzed in replicate for each batch 
of samples. Different types of water sources were chosen for replication to make sure 
good reproducibility for all types of water samples. Good reproducibilities were obtained 
for most of HNMs (except TCNM in one sample as described previously).
79
3.5. Spiked recovery
Low concentrations (0.2 ppb each) of HNMs were spiked in drinking tap water 
for testing of recovery. The recoveries of this low level spike were in the acceptable 
range of 75% -122% for HNM, CNM, DCNM, and TCNM. However, the BCNM and 
DBNM recoveries were in the range of 144-202% and 77-171%, respectively. This 
could be caused by the low concentration of spike (e.g., close to their MDLs). During 
water sample analysis, different concentrations of standards were also spiked in samples 
for each batch, and the recoveries were tested. The detailed data are tabulated in Table 6. 
Most of the recoveries tested were acceptable. However, several of them were higher or 
lower than desirable. The specific reasons for this are not clear.
Table 6. Spiked recoveries of water samples.
Water source Spiked samples
Spiked %Recovery
(gg/L) CNM DCNM TCNM BNM BCNM DBNM
Jan-Feb:
Finished underground water Drinking tap water 0.2 119 88 96 92 152 95
Finished underground water Drinking tap water 0.2 109 122 132 109 203 120
Finished underground water Drinking tap water 0.2 88 91 93 81 152 95
Finished underground water Drinking tap water 0.2 106 90 101 87 178 101
Finished underground water Drinking tap water 0.2 103 82 82 97 148 77
Finished underground water Drinking tap water 0.2 115 94 84 98 144 124
Finished underground water Drinking tap water 0.2 117 76 84 97 153 172
Finished Missouri River water Plant # 3 finished water 1 62 96 244 90 67 98
Rreservoir water Plant # 10 raw water 1 88 97 138 84 83 53
Lake water Plant # 13 finished water 10 81 81 114 81 83 115
Lake water Plant # 18 finished water 2 70 90 93 76 12 86
Lake water Plant # 33 finished water 1 83 104 100 83 227 200
Jun-Jul:
Missouri River Plant# 11 finished water 1 102 76.1 50.6 118 91.0 84.9
Unconsolidated Wells Plant # 25 finished water 1 114 44.0 138 118 67.5 45.1
Rreservoir water Plant # 30 Raw water 1 88.6 76.3 56.1 112 95.9 85.2
Rreservoir water Plant # 30 finished water 1 98.2 67.8 33.5 112 85.5 95.4
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3.6. HNMs in Missouri drinking water systems
The water samples from 34 water treatment plants were analyzed in both winter 
and summer seasons in this study. The winter samples were collected during January and 
February of 2009, and the summer samples were collected in June and July of 2009. In 
addition to all of finished water samples, representative samples of each type of raw 
water samples were also analyzed (in both winter and summer).
The HNM concentrations detected in finished water samples are listed in Table 7. 
The data for the raw water samples are not included in the table because only one 
detectable TCNM (0.58 pg/L) was found in one water sample (a reservoir water) from 
winter collection and it was not detectable in the summer sampling water. All the other 
HNMs were not found in these representative raw water samples.
For the finished waters, HNMs were found in the samples from all types of water 
sources except the deep well water, those with non-detectable level or very low level of 
HNMs. The highest concentration of HNMs was found in finished lake water at total 
HNMs of 6.71 pg/L. Most of finished lake waters had relatively high concentrations of 
HNMs.
TCNM and BCNM were the major HNMs in most of water samples. Total 
HNMs were detected at higher overall concentrations in winter samples than those in 
summer samples. More BCNM was found in the winter samples than summer samples. 
This correlated with the higher total bromine concentration in the winter water samples. 
For all of the samples detected, no TBNM, BDCNM and DBCNM peaks were found. 
These three NHMs were either not present in the water, or were degraded during 
transportation or analysis process. The sum of the HNMs in an U.S. nation-wide water
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Table 7. Halonitromethanes concentrations (pg/L) in water samples.
Plant# Treatment
CNM DCNM TCNM BNM BCNM DBNM Total HNM Total Br
W in te r  Sum m er W in te r  Sum m er W in te r  Sum m er W in te r  Sum m er W in te r  Sum m er W in te r  S um m er W in te r  Sum m er W in te r  Sum m er
Mississippi Riven
1 FC < 0 .0 7  < 0 .0 7 0.31 <0.0 9 0.26 0.88 0.3 2 0 .19 1.63 0.44 0 .9 1 <0 .2 0 3.43 1 .5 1 543 261
12 FC < 0 .0 7  < 0 .0 7 0 .14 <0.0 9 0.44 0.99 0 .1 7 0 .1 2 1.2 4 0.26 < 0 .2 0  <0 .2 0 1.98 1.5 0 308 136
2 Chloramines < 0 .0 7 < 0 .0 7 <0.09 0 .16 0.49 1.8 9 0 .15 0 .16 0.64 0.62 < 0 .2 0  <0 .2 0 1 .2 7 2 .8 3 4 19 231
Missouri River:
3 Chloramines < 0 .0 7 < 0 .0 7 <0.09 0 .19 0.33 0.38 0 .13 <0.0 6 0.39 < 0 .10 < 0 .2 0  <0 .2 0 0.85 0 .5 7 2 1 7 74
4 Chloramines < 0 .0 7 < 0 .0 7 <0.09 0 .15 0 .2 1 0.80 0 .2 7 0.23 0.56 0 .5 7 0.46 <0 .2 0 1.50 1 .7 5 10 75 183
1 1 Chloramines < 0 .0 7 < 0 .0 7 0.32 0.2 4 1 .1 6 0.50 0.25 <0.0 6 0.99 0.2 4 < 0 .2 0  <0 .2 0 2 .7 2 0.99 315 2 0 7
Big River:
3 2 Chloramines < 0 .0 7 < 0 .0 7 0 .2 1 <0.0 9 0 .3 1 0.29 <0 .0 6 <0.0 6 0 .16 0.28 < 0 .2 0  <0 .2 0 0.68 0 . 8 7 75 49
Reservoirs:
3 0 FC N D < 0 .0 7 N D 0 .19 N D 0.48 N D 0 .1 4 N D 0 .5 1 N D  < 0 .2 0 N D 1 .3 3 N D 168
9 FC < 0 .0 7 < 0 .0 7 <0.0 9 <0.09 0.25 0.39 0 .1 4 0 .15 1.33 0.64 < 0 .2 0  < 0 .2 0 1 .7 2 1 .2 7 176 203
10 Chloramines < 0 .0 7 < 0 .0 7 0.23 <0.0 9 1 .7 2 1.30 0 .1 2 0 .1 7 1.55 0.38 < 0 .2 0  < 0 .2 0 3.61 2 .3 1 125 2 79
Lakes:
1 4 Chloramines < 0 .0 7 < 0 .0 7 0.24 <0.0 9 1.2 8 0.53 0 .1 1 0 .16 3.89 0.20 < 0 .2 0  < 0 .2 0 5.52 0.98 304 262
1 6 Chloramines < 0 .0 7  < 0 .0 7 0.44 0.23 1 .7 4 0.3 4 0.08 <0.0 6 4.45 < 0 .1 0 < 0 .2 0  < 0 .2 0 6 .7 1 0 .7 6 243 58
1 7 Chloramines < 0 .0 7  < 0 .0 7 0 .14 0 .1 7 0.40 0.54 0 .13 <0.0 6 0 .2 7 0.29 < 0 .2 0  <0.20 0.93 1.0 0 89 95
28 Chloramines N D < 0 .0 7 N D 0 .1 4 N D 0.64 N D 0 .1 7 N D 0.63 N D  <0.20 N D 1 .7 3 N D 49
1 3 FC < 0 .0 7  < 0 .0 7 0.23 <0.09 1.03 0 .5 1 0 .16 0 .1 2 1.9 4 0.2 0 0.65 < 0 .2 0 4 .0 1 0 . 9 7 156 181
15 FC < 0 .0 7 < 0 .0 7 0 .1 7 0 .2 1 0.52 1 .5 7 0 .1 7 0 .16 1.93 0.33 < 0 .2 0  < 0 .2 0 2 .7 8 2.43 2 70 209
18 F C < 0 .0 7 < 0 .0 7 0 .15 <0.0 9 0 .73 1.0 1 0 .1 4 0.09 2.06 < 0 .1 0 < 0 .2 0  < 0 .2 0 3.08 1.2 4 126 129
2 7 F C < 0 .0 7 < 0 .0 7 0 .16 <0.0 9 0.38 0.48 0 .13 0.08 2 .2 1 < 0 .1 0 < 0 .2 0  < 0 .2 0 2 .8 7 0 . 8 4 140 87
3 3 F C < 0 .0 7 < 0 .0 7 0 .13 <0.0 9 0.30 0 .4 4 0 .1 4 <0.0 6 3.94 0.33 < 0 .2 0  <0.20 4.50 0.93 202 148
29 F C < 0 .0 7 0 .18 0 .16 0 .18 0.34 0 .76 0 .2 1 0 .16 1.58 0.33 < 0 .2 0  <0.20 2.2 8 1 . 6 1 293 175
3 1 F C N D < 0 .0 7 N D 0.20 N D 0 .73 N D 0 .13 N D 0.38 N D  < 0 .2 0 N D 1.5 8 N D 144
34 FC < 0 .0 7 < 0 .0 7 0 .1 1 <0.0 9 0.26 0.95 0 .1 4 0 .10 1.36 < 0 .1 0 < 0 .2 0  < 0 .2 0 1.86 1 .3 2 175 78
Deep wells:
19 F C < 0 .0 7 < 0 .0 7 <0.0 9 <0.0 9 0 .1 4 < 0 .1 0 <0.0 6 <0.0 6 < 0 .1 0  < 0 .1 0 < 0 .2 0  <0.20 0 .1 4 0.08 138 81
20 F C < 0 .0 7 < 0 .0 7 <0 .0 9  <0.09 < 0 .1 0  < 0 .1 0 <0.0 6 <0.0 6 < 0 .1 0  0.36 < 0 .2 0  0 .2 7 0.00 0.90 61 92
2 1 F C < 0 .0 7 < 0 .0 7 <0.0 9 <0.09 < 0 .10 0 .16 <0.0 6 <0.0 6 < 0 .1 0  < 0 .1 0 < 0 .2 0  <0.20 0.00 0.26 23 57
22 F C < 0 .0 7 < 0 .0 7 <0.0 9 <0.09 < 0 .10 0 .15 <0.0 6 <0.0 6 < 0 .1 0  < 0 .1 0 < 0 .2 0  <0 .2 0 0.00 0.25 50 58
7 F C < 0 .0 7 < 0 .0 7 <0.0 9 <0.09 < 0 .10 0 .1 6 <0.0 6 <0.06 0 .2 7 < 0 .1 0 <0 .2 0  <0 .2 0 0 .2 7 0.2 4 151 110
8 Chloramines < 0 .0 7  < 0 .0 7 <0.0 9 <0.0 9 < 0 .1 0  < 0 .1 0 <0.0 6 <0.06 0 .1 7 < 0 .1 0 < 0 .2 0  <0 .2 0 0 .1 7 4 4 1 425
Uncon and collector W ells:
5 Chloramines < 0 .0 7 < 0 .0 7 <0.0 9 <0.0 9 0.36 0 .2 4 0 .1 7 0 .15 0.50 0.30 < 0 .2 0  <0.20 1.0 4 0.80 343 151
6 FC < 0 .0 7 < 0 .0 7 <0 .0 9  <0.09 0.2 2 0.20 0.20 0.20 0.56 0 .2 7 < 0 .2 0  <0.20 0.99 0 .79 429 300
23 F C < 0 .0 7 < 0 .0 7 0 .12 <0.09 < 0 .1 0  < 0 .10 0 .19 0 .15 0.56 0.34 0 .9 1 0 .2 1 1 .7 8 0 .8 1 486 3 71
24 F C N D < 0 .0 7 N D <0.09 N D 0 .18 N D <0.06 N D < 0 .1 0 N D  <0 .2 0 N D 0.40 N D 153
25 F C < 0 .0 7  < 0 .0 7 0 .3 1 0 .15 0.30 0 .52 0 .18 0.20 0.80 0.32 < 0 .2 0  <0.20 1.59 1 .1 8 293 20 1
26 FC < 0 .0 7 < 0 .0 7 0 .1 1 0 .1 4 < 0 .10 0.25 0.2 4 0.32 0.59 0.44 0 .2 4  <0.20 1 .1 8 1 .1 4 72 0 5 1 7
M in < 0 .0 7 < 0 .0 7 <0.0 9 <0.0 9 < 0 .1 0  < 0 .1 0 < 0 .0 6  <0.0 6 < 0 .1 0  < 0 .1 0 < 0 .2 0  < 0 .2 0 22.8 2 48.54
M a x < 0 .0 7 0 .18 0.44 0 .2 4 1 .7 4 1.8 9 0.32 0.32 4.45 0.64 0 .9 1 0 .2 7 6 .7 1 2.83 10 75 5 1 7
M e d ia n < 0 .0 7 < 0 .0 7 0 .13 <0 .0 9 0.30 0.48 0 .14 0 .1 2 0 .72 0.28 < 0 .2 0  < 0 .2 0 1.65 0.98 230 152
occurrence study reported in the range from not detectable to 10 pg/L, with a median 
concentration 1 pg/L in high-precursors loading (Krasner, 2006), including some 
trihalonitrolmethanes. The results from our Missouri drinking water study are consistent 
with the findings of this nation-wide study.
In general, the average HNM concentrations were found lower in summer than 
winter samples (Figure 3). This may result from more rain in the summer time 
(especially summer of 2009) than the winter and lead more diluted precursors of HNMs.
For different types of water sources, the average total HNM concentrations were 
lowest in well waters. This was expected because underground water should have less 
humic acids, total organic carbon (TOC), thus fewer precursors for HNM formation. 
Figure 3 presents the average HNM concentrations in different types of water sources, as 
well as the comparison of winter and summer water samples.
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Figure 3. Average occurrence of HNMs in different water sources in winter and summer 
seasons.
The disinfectants used were mainly free chlorine and chloramines (free chlorine 
plus ammonia). The HNM analysis results did not indicate a conclusive difference for 
these two different disinfectants, but the highest HNMs were found in the chloramines 
treated lake water. However, the water sources were also different for different 
treatments.
The correlations of brominated HNMs (TBNM), total HNMs, and total Br in the 
water was examined. We found that there was no significant correlation (a=0.05) 
between HNM and TBNM for either winter or summer samples (Figures 4 and 5). There 
were significant correlations (a=0.05) for summer samples between TBNM and total Br 
(Figures 3 and 4), but not with total HNM.
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Figure 4. Correlation of total Br, total bromated nitromethane (TBNM), and total 
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Figure 5. Correlation of total Br, total bromated nitromethane (TBNM), and total 
halonitromethane (HNM) for summer samples.
4. Conclusion
Total HNM concentrations in Missouri drinking water systems from the different 
source waters were analyzed in two seasons, winter and summer. The concentrations of 
HNMs in waters collected in the winter ranged from non-detectable to 6.71 pg/L with a 
median of 1.65 pg/L. The HNMs concentrations in summer samples were generally 
lower, ranging from non-detectable to 2.83 pg/L with a median of 0.98 pg/L, than those 
found in the winter samples. These emerging DBPs concentrations in Missouri drinking 
water were within the range of US nation-wide screening level (<MDL-10 pg/L). The 
major HNMs were TCNM and BCNM in most of the waters. The water from 
underground water sources showed lowest HNMs. TBNM showed significant correlation
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with total Br in summer samples. The highest total HNM concentration was the drinking 
water from chloramines treated lake water.
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5. Occurrence and Formation of Disinfection By-Products in Sea Water/Salt
Water Based Aquaria
Abstract
Eye/skin irritation and other health risks are serious concerns in marine park 
aquaria. These problems affect both the workers and the sea animals. In this section of 
study, several groups of water disinfection byproducts, including trihalomethane, 
haloacetic acid, halonitromethane, bromate, and the related halogenated compounds, 
were studied in marine park aquaria. The results revealed that all of these disinfection 
byproducts levels are high in the aquaria saltwater and seawater. The total Br 
concentrations were very different from the aquaria of three parks. The highest 
concentration of total Br was Park A dolphin show basin (58-66 mg/L), followed by Park 
B dolphin show basin in medium range (23-25 mg/L), and the lowest was in Park C 
dolphin show basin (4-6 mg/L). These total Br concentration differences indeed led to 
very different DBP species in the aquaria waters of the three parks. The predominant 
DBPs in high Br waters were brominated species while chlorinated species were the 
major halogenated DBPs in the low Br water. Extremely high concentration of bromate 
(~3.7 mg/L) was detected in low Br Park C aquaria dolphin show basin. Laboratory 
disinfection treatments of the waters were conducted by using free chlorine and ozone. 
Halonitromethanes, the highly toxic emerging DBP, concentrations increased drastically 
during the treatments. Trihalomethanes and bromoacetic acids also increased by the
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treatments. The high concentrations of DBPs may cause health concerns and may be, at 
least partially, a cause of the eye/skin irritation in the aquaria.
1. Introduction
Free chlorine and ozone are commonly used disinfectants for water treatment. 
Both of them are used in the various marine park aquaria water treatment systems (Figure 
1) to control bacteria and algae as well as other microorganisms. Ozone is also used to 
provide water clarity through its ability to serve as a microflocculant and reduce the 
appearance of color through oxidation. Both chlorine and ozone, however, create 
secondary oxidants and other disinfection byproducts through reactions with ammonia, 
chloride, bromide, and many other constituents of the water. Certain reaction byproduct 
species are not only highly toxic; they also appear to cause acute eye/skin irritation to 
trainers, mammals and fishes. Acute and chronic eye/skin irritation problems are 
experienced at all three marine park study locations: (denoted Park A, Park B, and Park 
C) to varying degrees. These irritation effects are experienced by both trainers and the 
animals (e.g., dolphins) in the show and back basins. Eye/skin irritation by trainers in 
basins is highly variable between trainers with some trainers being much more prone to 
eye and skin irritation than others. It is hypothesized that the irritant(s) may be 
haloamines (HAM) (e.g., chloramines and/or bromamines), organic disinfection 
byproducts (e.g., haloacetic acids (HAA), trihalomethanes (THM), halonitromethanes
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(HNM), and organic amines), other inorganic disinfection byproducts (e.g., bromate), or 
possibly algal toxins released from algae or cyanobacteria.
Fig. 1. Water treatment facility in marine park aquaria.
The chemistry associated with chlorination and ozonation of seawater (natural) 
and salt water (artificial) is complex due to high concentrations of inorganics (e.g., 
chloride and bromide ions) and organics (e.g., natural organics, animal fecal matter, and 
urea). Modeling work by Reed and Adams (2003) has shown that the bromide 
concentration plays an important role in the chemical speciation within the aquaria water. 
Due to the much greater concentrations of bromide in natural seawater (as well as organic
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species) than in typical artificial seawater (saltwater), very different chemistry may occur 
in the two systems.
Very limited information is available on eye/skin irritation issues in 
seawater/saltwater systems. Swimming basin literature (Eichelsdorfer, 1975) suggests 
that chloramines are a primary eye irritant, with trichloramine (TCA, NCI3) being the 
strongest irritant followed by dichloramine (DCA, NCI2H), monochloramine (MCA, 
NCIH2), and free chlorine (HOCl/OCf) may have a very minor contribution to any eye 
irritation. Chloroamines have a larger irritating effect than chlorine itself. Chlorine 
resulted in starting an irritating effect at a concentration of 8 mg/L, chloroamines showed 
the same effects at significantly lower concentrations -  starting at about 2 mg/L. 
Chloramines are formed by the reaction of free chlorine and ammonia/ammonium 
(NH3/NH4+), which are shown non-stoichiometrically as follows:
H o c i/o c r  + NH3/N1V  -> n c ih 2 
H o c i /o c r+ n c ih 2 n c i2h  
Ho c i / o c r + n c i2h  -» n c i3
Ammonia is present due to the excretions from the animals in the sea animal basins. Free 
chlorine is added for water disinfection. Additionally, free chlorine is formed by the 
reaction of ozone (O3) with the high concentrations of chloride ion (C1‘) in 
saltwater/seawater.
The results from the previous study (Qiang and Adams, 2006-2007 year report) 
suggested TCA is the key irritant. However, the analytical method used could not 
differentiate chloramines with bromamines. Bromamines are formed by the reaction of
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ammonia with free bromine (hypobromous acid (HOBr), and hypobromite (OBr")). Free 
bromine is readily formed by the reaction of free chlorine with the bromide ion, a 
constituent of saltwater or seawater. Thus, during both chlorination and ozonation of 
seawater/saltwater free bromine and bromamines can be formed. Both chloramines and 
bromamines may be the key irritants in marine parks. Nevertheless, it still cannot explain 
all the eye irritation problems of the marine parks and it should not be the only class of 
irritants in these aquaria. Thus, many more toxic and eye irritation chemicals need to be 
tested, including brominated and iodinated DBPs.
The purpose of this study is to evaluate the occurrence and formation of 
halogenated DBPs in the aquaria waters of marine parks, and further develop effective 
and economical means of preventing eye irritation problems for humans, mammals and 
fish.
Bromide is a precursor of bromamines, bromoacetic acid, bromomethane, 
bromonitromethane and other water treatment DBPs. Other bromo-compounds may also 
be present in marine park waters. It is important to know the total Br concentrations in 
these water samples because it should be directly or indirectly related to the levels and 
species of DBPs in the water. In addition, iodide is a catalyst in DPD method for the 
chloramines speciation analysis. If it is present in the water samples, it should interfere 
with the haloamine speciation detection. Other iodo-compounds may also be present in 
the water. Iodo-compounds are generally much more toxic, and may also be a more 
severe eye/skin irritant. Thus, total I and other species should be detected in the marine
waters.
Trihalomethanes (along with haloacetic acids) are the largest group of DBPs 
reported in chlorinated water with the USEPA current regulation level of maximum 
concentration limit (MCL) 80 pg/L total THM4 in drinking water 
(http://www.epa.gov/safewater/disinfection/stage2/pdfs/guide stage2 stateimplementatio 
nguide.pdf). THMs have been reported present at higher concentrations in swimming 
pool water than those in drinking water (Beech et al., 1980). The water in marine parks’ 
aquaria contains foods and sea animal excrement. The concentrations of THMs have the 
potential to be much higher than those in the drinking water and the swimming pool 
water. These DBPs exhibit toxicity, and may also cause the eye and skin irritation. Thus, 
measurement of the concentrations of THMs in the marine park aquaria should be very 
useful for the identification of any health risk and/or eye/skin irritants for both pool 
workers and the sea animals.
Haloacetic acids are the second largest group of DBPs following the 
trihalomethanes regulated by USEPA in drinking water. They are known to exhibit 
toxicity and are irritants (Zwiener et al., 2007). The MCL set by USEPA in drinking 
water is 60 pg/L of total HAA5 (including monochloroacetic acid, dichloroacetic acid, 
trichloroacetic acid, monobromoacetic acid, dibromoacetic acid)
(http://www.epa. gov/safewater/di sinfection/stage2/pdfs/guide stage2 stateimplementatio 
nguide.pdf). When HAAs are present in the marine park aquaria water, it is a probable 
contributor to the eye/skin irritation problem. The previous test results (Qiang and 
Adams, year 2006-2007 report) indicated the high concentrations of chloro- and 
bromoacetic acids in these aquaria. However, iodoacetic acids were not tested due to the 
absence of the standards and the analytical method. In general, brominated DBPs are
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more toxic than the chlorinated DBPs; iodinated DBPs are more toxic than brominated 
DBPs (Plewa et al., 2004; Richardson et al., 2008). Iodonated DBPs may also be very 
severe eye irritants. Thus, it is important to detect the levels of iodoacetic acids and 
bromoacetic acids in the aquaria waters in order to access the water quality (toxicity and 
irritation effect of the water) in the marine parks.
Bromate is a very hazardous compound with the EPA current regulation level of 
MCL 10 pg/L in drinking water (http ://www.epa. gov/safewater/disinfection/stage2/ 
pdfs/guide stage2 stateimplementationguide.pdf). Contact with bromate can cause eye 
irritation, skin irritation, eye inflammation (e.g., redness, watering, and itching), and skin 
inflammation (e.g., itching, reddening, scaling, blistering) (from MSDS sodium and 
potassium bromate). Bromate might be a significant contribution of the eye irritation 
problem in marine park aquaria and should be measured in the water. Bromate 
monitoring in drinking water generally uses EPA standard ion chromatography (IC) 
methods (EPA method 300.1 and 326). However, the high chloride concentration in the 
sea water and salt water in the marine park water makes the standard method unsuitable. 
A new IC-ICP-MS method (Shi and Adams, 2009) was used to analyze the bromate 
concentration in the sea/salt water.
Halonitromethanes are highly toxic emerging DBPs and may also cause severe 
eye irritation according to its material safety data sheet (MSDS). The occurrence and 
formation data are currently unavailable in marine water. Thus, this group of DBPs 
warrants studies in the aquaria water samples.
Although the water samples can be collected from the aquaria, it takes at least 24 
hours to transport to the laboratory for analysis. Due to the volatility and instability of
some DBPs, the concentrations detected after transfer to laboratory do not necessarily 
represent the true concentrations of these chemicals in the aquaria. Therefore, in this 
study, disinfection treatments of marine park water samples by chlorination and 
ozonation were conducted in the laboratory, and formation of the DBPs and other 
chemicals were monitored by analyzing them before and after the treatments.
Many chemicals may be possible irritants. In the overall project, more than 50 
different chemicals (Table 1), including total Br (all the species of bromonated 
compounds), total I (all the species of iodinated compounds), some disinfectants, 5 
groups of DBPs (HAMs, THMs, HAAs, HNMs, bromate), some precursors of DBPs, and 
heavy metal elements were analyzed in the marine park aquaria. For these analyses, a 
series of analytical methods, mainly state-of-art instrumentation methods, including solid 
phase microextraction (SPME) GC-MS method, Liquid-liquid extraction (LLE) GC-MS 
method, IC-ICP-MS method, and ICP-MS method, have been developed/validated, and 
used for analysis of the toxic and irritation chemicals in the marine waters. All the tested 
chemicals for the overall project are listed in Table 1, including their detection methods, 
their irritation effects, and other chemical information. However, this chapter of the 




Table 1. The compounds list tested for the overall marine park project and their detection 
methods, as well as other related information.





1 Free chlorine FC HOCl/OCl- Disinfectant Y DPD
2 Free bromine FB HOBr/OBr Disinfectant Y DPD
3 Monochloramine MCA NH2C1 Haloamine Y SPME-GC-MS
4 Dichloramine DCA NHC12 Haloamine Y SPME-GC-MS
5 Trichloramine TCA NC13 Haloamine Y SPME-GC-MS
6 Monobromamine MBA NH2Br Haloamine Y SPME-GC-MS
7 Dibromamine DBA NHBr2 Haloamine Y SPME-GC-MS
8 Tribromamine TBA NBr3 Haloamine Y SPME-GC-MS
9 Chlorobromamine CBA NHClBr Haloamine Y SPME-GC-MS
10 Dichlorobromamine DCBA NC12Br Haloamine Y SPME-GC-MS
11 Chlorodibromamine CDBA NClBr2 Haloamine Y SPME-GC-MS
12 Chloroform (trichloromethane) TCM CHC13 Trihalomethane Y SPME-GC-MS
13 Dichlorobro mo methane DCBM CHC12Br Trihalo methane Y SPME-GC-MS
14 Chlorodibro mo methane CDBM CHClBr2 Trihalomethane Y SPME-GC-MS
15 Bromoform (tribromomethane) TBM CHBr3 Trihalomethane Y SPME-GC-MS
16 Chloronitromethane CNM C1CH2N02 Halonitromethane Y LLE-GC-MS
17 Dichloronitro methane DCNM C12CHN02 Halonitromethane Y LLE-GC-MS
18 Trichloronitro methane TCNM C13CN02 Halonitromethane Y LLE-GC-MS
19 Bromonitromethane BNM BrCH2N02 Halonitromethane Y LLE-GC-MS
20 Dibromonitro methane DBNM Br2CHN02 Halonitromethane Y LLE-GC-MS
21 Tribromonitro methane TBNM Br3CN02 Halonitromethane Y LLE-GC-MS
22 Bromochloronitro methane BCNM BrClHN02 Halonitromethane Y LLE-GC-MS













27 Bromide Br' Halogen Maybe IC-ICP-MS
28 Bromate BrCfe Halogen Y IC-ICP-MS
29 Iodide r Halogen Y IC-ICP-MS
30 Iodate ICb' Halogen Maybe IC-ICP-MS
96
Table 1. The compounds list tested for the overall marine park project and their detection 
methods, as well as other related information. (Continued)
31 Monobromoacetic acid MBAA BrCH2COOH Haloacetic acid Y IC-ICP-MS
32 Bromochloroacetic acid BCAA BrCICHCOOH Haloacetic acid Y IC-ICP-MS
33 Dibromoacetic acid DBAA Br2CHCOOH Haloacetic acid Y IC-ICP-MS
34 Bromodichloroacetic acid BDCAA BiC12CCOOH Haloacetic acid Y IC-ICP-MS
35 Dibromochloroacetic acid DBCAA Br2CICCOOH Haloacetic acid Y IC-ICP-MS
36 Tribromoacetic acid TBAA Br3CCOOH Haloacetic acid Y IC-ICP-MS
37 Monoiodoacetic acid MIAA ICH2COOH Haloacetic acid Y IC-ICP-MS
38 Chloroiodoacetic acid CIAA ClICHCOOH Haloacetic acid Y IC-ICP-MS
39 Bromoiodoacetic acid BIAA BrICHCOOH Haloacetic acid Y IC-ICP-MS
40 Diiodoacetic acid DIAA I2CHCOOH Haloacetic acid Y IC-ICP-MS
41 Vanadium V heavy metal Y ICP-MS
42 Chromium Cr heavy metal Maybe ICP-MS
43 Manganese Mn heavy metal Maybe ICP-MS
44 Cobalt* Co heavy metal Y ICP-MS
45 Nickel Ni heavy metal Y ICP-MS
46 Copper* Cu heavy metal Maybe ICP-MS
47 Zinc Zn heavy metal Maybe ICP-MS
48 Arsenic* As heavy metal Y ICP-MS
49 Selenium Se heavy metal Y ICP-MS
50 Molybdenum Mo heavy metal Y ICP-MS
51 Silver Ag heavy metal Maybe ICP-MS
52 Cadmium* Cd heavy metal Y ICP-MS
53 Antimony Sb heavy metal Y ICP-MS
54 Barium Ba heavy metal Y ICP-MS
55 Titanium Ti heavy metal Y ICP-MS
56 Lead* Pb heavy metal Y ICP-MS
* Very toxic to aquatic organisms
2. Methods
2.1. Chemicals and instruments
Iodoacetic acids CIAA, BIAA, DIAA, halonitromethanes standard CNM, DCNM, 
DBNM, TBNM, BCNM, BDCNM, and DBCNM, were purchased from Orchid Cellmark
(New Westminster, BC, Canada). The other DBP standards MIAA, MBAA, BCAA, 
DBAA, BDCAA, DBCAA, TBAA, Chloroform, bromoform, bromodichloromethane, 
dibromochloromethane, BNM, TCNM, were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Naphthalene-dg, sodium hypochlorite, sodium bromide, and sodium iodide 
were also products of Sigma-Aldrich. All of these chemicals were of the highest purity 
available. Deionized (DI) water (18.2 MQ-cm) was prepared with a Milli-Q water 
purification system (Millipore, Bedford, MA, USA). Methanol, sodium chloride, sodium 
sulfate, ascorbic acid, ammonium hydroxide, copper sulfate, and methyl-terZ-butyl ether 
were purchased from Fisher Scientific (Pittsburgh, PA, USA). Diethyl-p- 
phenylenediamine (DPD) test kits were purchased from HACH Company (Loveland, CO, 
USA). Ozone used for ozonation test was produced on site with an ozone generator.
IC-ICP-MS analysis of BAAs, IAAs, bromate, and related compounds was 
conducted using a PerkenElmer 200 Series HPLC and an Elan DRCe ICP-MS (Perkin 
Elmer, Norwalk, CT, USA). The GC-MS system used for THMs and HNMs analysis 
was an Agilent 6890 GC with a 5973N mass selective detector (Agilent Technologies, 
Palo Alto, CA, USA). The SPME fiber used was a Supelco PDMS 
(polydimethylsiloxane) fiber with 100-|a.m coating thickness (Sigma-Aldrich, St. Louis, 
MO, USA).
2.2. Water sample collection
Water samples were collected by the marine park trainers with pre-cleaned amber 
glass bottles shipped from our laboratory. All the samples were collected from dolphin 
show pools of both main basin (performance poll) and inlet of the pool, where the water
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was freshly treated (Fig. 2). The water was collected from the representative spots by 
opening the bottles at the points of water collection and filling the bottles completely full, 
and capping the bottle prior to returning to the surface. The samples were placed in cold 
coolers and shipped to laboratory overnight for analysis. Water samples were collected 
and tested in both cold season (January 2008) and warm season (May 2008). Both inlet 
and main basin waters were tested for winter samples, and only main basin samples were 
tested in warm season samples due to resource limitations.
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Fig. 2. Dolphin show pool inlet and main basin.
2.3. DBPs and related halogenated compounds analysis
The total Br and total I concentrations were detected by an ICP-MS method as 
described in paper 3 of this dissertation. The instrument and operation conditions were
same as those used for total Br and total I detection in Missouri drinking water.
However, marine park waters were seawater and saltwater with high salt concentrations, 
the bromide concentration in natural sea water is high (~65 mg/L), and iodide 
concentration is also generally higher (50-100 pg/L) than those in drinking water (<
20pg/L). The high salt concentration is not well compatible with the ICP-MS analytical 
method. Thus, the marine park water samples were diluted with 0.5% ammonia before 
ICP-MS analysis.
Speciation analysis of bromo- and iodo-compounds (i.e., bromoacetic acid, iodo­
acetic acid, bromate, iodate, and their precursors bromide and iodide) in the marine 
waters were conducted by newly developed IC-ICP-MS method (Shi and Adams, 2009). 
Due to the large variation of the compounds’ concentrations, different dilutions were 
made for different compounds before analysis.
THMs were detected by the new SPME GC-MS method as described in Chapter 2 
of this dissertation. Calibration standards were prepared in salt water containing the same 
major components as the seawater. The calibration concentration range used was 1-1000 
pg/L. All of the standards tested showed very good calibration linearity with the 
correlation coefficient better than 0.99.
HNMs were analyzed by the same LLE-GC-MS method as used in Missouri 
drinking water analysis in paper 4 of this dissertation. It was adapted from published 
HNMs analysis methods (Krasner et al., 2001; Chen and Richardson, 2002; Weinberg et 
al., 2002; Plewa et al., 2004). The marine water samples were extracted within 48 hrs of 





Although the occurrence studies of DBPs and related compounds were conducted 
for the marine park aquaria waters by collecting the samples from the aquaria, the 
concentrations of these compounds detected in the laboratory might differ from the real 
on time concentrations in the waters in the aquaria, because most of these DBPs are 
volatile and some of them are unstable. To evaluate the formation of these compounds 
by disinfection, the water samples collected from marine park aquaria were treated with 
the commonly used disinfectants - free chlorine and ozone. The DBPs and related 
compounds were analyzed right before and after the treatment in the laboratory.
For free chlorine treatment tests of HAA formation, free chlorine (HOC1/OC1') 
was spiked into the water samples at concentration of 3mg/L. The treatment time was 30 
minutes at room temperature (23°C). The ozone treatments were performed by spiking 
concentrated ozone solution into the water samples at concentration 3 mg/L, and the 
treatment reaction time was also 30 minutes.
THMs formations were studied by chlorination and ozonation at two different 
concentrations, lmg/L and 3mg/L. The marine park waters from both dolphin show pool 
inlets and main basins were tested. The chlorine treatment was performed by transferring 
10ml water sample into a headspace vial, spiked with a small volume of chlorine stock 
solution to make the free chlorine concentration 1 mg/L or 3 mg/L; after reacting for 30 
min at room temperature (23°C), THMs were analyzed by SPME GC-MS method as 
descript in chapter 2 of this dissertation. The ozone treatments were performed by 
transferring 10ml water sample into a headspace vial, spiked with saturated ozone
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solution to make the ozone concentration 1 mg/L or 3mg/L; the reaction time was also 30 
min at room temperature (23°C).
HNMs formations were also tested by treatment of marine aquaria water with 
chlorine and ozone at concentration of lmg/L and 3mg/L. The treatment procedures 
were: Transfer 35 ml of water sample into a 40 ml vial; spike a small amount of chlorine 
stock solution into the sample to make the chlorine concentration 1 mg/L or 3mg/L; react 
for 15 min at room temperature (23°C), and then extract with 4 ml MTBE as previously 
described in chapter 4 of this dissertation. The treatment tests with ozone were also 
performed by the same procedures. The water samples collected in May also were 
treated with both chlorine and ozone, and tested at longer reaction time (60 min) by the 
same treatment procedure, but only with higher dosage (3 mg/L) of oxidant.
3. Results and Discussions
3.1. Total Br and total I
Total Br and total I are the sums of all of these elements’ chemical species in the 
water. They were detected by the same ICP-MS method used in Missouri drinking water 
analysis in chapter 3 of this dissertation. The results of detected total Br and total I in all 
three marine parks are shown in Table 2.
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Table 2. Total Br and total I in marine park dolphin show pools (main basin) and inlets.
Water samples Total Br (mg/L) Total I (pg/L)
Park A dolphin show pool inlet (Aug. 2007) 67.2 55.1
Park A dolphin show pool inlet (Jan. 2008) 66.0 95.2
Park A dolphin show pool main basin (Aug. 2007) 58.3 50.9
Park B dolphin show pool inlet (Jan, 2008) 24.0 79.9
Park B dolphin show pool inlet (Aug, 2007) 26.2 78.8
Park B dolphin show pool main basin (Aug, 2007) 24.6 ND
Park C dolphin show pool inlet (Jan, 2008) 4.44 38.8
Park C dolphin show pool main basin (Jan, 2008) 4.12 56.9
The total Br concentration detected in Park A water was close to that in natural 
sea water, ranged from 58.3 to 67.2 mg/L. For Park B aquaria water which uses high 
bromide salt to make the salt water, the total Br concentration ranged from 24.0 to 26.2 
mg/L, less than one half of that in sea water, but much higher than that of low bromide 
salt water from Park C pool (ranged from 4.12 to 4.44 mg/L). The difference in bromide 
concentrations in these three parks indeed lead to very different DBPs species in the 
waters of these aquaria (detailed data shown in later sections of this dissertation).
Total I concentration ranged from 50.9 to 95.2 pg/L in Park A aquaria water, 
which is in the typical range of natural seawater concentrations, and higher than those in 
drinking water in US. This concentration of I should interfere for the DPD method for 
chloramines speciation as a catalyst (the catalyst generally needs only very low 
concentration). The total I concentrations in Park B aquaria ranged from 78.8 to 79.9 
pg/L. The lowest total I concentrations were present in Park C aquaria, in a range of 38.8 
to 56.9 pg/L.
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3.2. Haloacetic acids, bromate, bromide, iodate, and iodide
3.2.1. Occurrence o f HAAs, bromated, and related compounds in marine park aquaria 
A previous study has shown relatively high concentrations of CAAs and BAAs in 
marine park water (Table 3) analyzed by using EPA standard method after derivatization 
(Qiang and Adams, 2006-2007 report). The highest TCAA and total HAAs were found 
in low Br Park C aquiria saltwater, followed by the Park B marine park aquaria saltwater. 
High Br Park A aquaria seawater showed lowest concentrations of HAAs.
Table 3. CAA and BAA concentrations in seawater and saltwater samples from marine 
parks aquaria. (From Year 2006-2007 report, Qiang and Adams)
Aquaria HAA concentration (jig/L)
MCAA DCAA TCAA MBAA BCAA DBAA BDCAA DBCAA TBAA HAAs
Park A <MDL <MDL 3.10 <MDL <MDL 16.7 13.3 12.0 43.3 88.4
ParkB 16.0 <MDL 7.50 <MDL 13.8 46.7 12.0 14.2 52.2 162
Park C 3.00 6.10 193 <MDL 7.70 15.0 47.3 42.7 35.6 350
Additional tests have been conducted in this study to detect the BAAs, iodo-acetic 
acid (IAAs), bromate, iodate, and their precursors bromide and iodide, in marine park 
water. The new IC-ICP-MS method (Shi and Adams, 2009) was used. This method can 
detect a total of 14 halogenated compounds simultaneously with very good sensitivity. 
The different sample dilutions were conducted for different concentration ranges and 
chemical species during IC-ICP-MS analysis. The concentrations of the BAAs, IAAs, 
bromate, iodate, and other species in marine park waters were tabulated in Table 4.
TBAA was the only BAAs found in high Br Park A seawater aquaria. TBAA and BCAA
were predominant BAAS in Park B aquaria, though a smaller amount of BDCAA was 
also present. BDCAA was the major specie in low Br Park C aquaria, and TBAA was 
not at a detectable level. The BAAs concentrations were much higher in Park C and Park 
B aquaria than those in Park A aquaria, even without including CAAs. From the HAAs 
concentration detected by GC-MS method (Qiang and Adams, 2007) and by IC-ICP-MS 
method, we concluded that the HAAs concentrations were highest in Park C aquaria, 
followed by Park B aquaria, and the lowest was Park A aquaria.
The sum BAAs concentrations was lowest in Park A aquaria. This was consistent 
with the result detected by the GC-MS method as reported previously (Qiang and Adams, 
Year 2006-2007 report data in Table 3). In Park C aquaria, the total BAA was 158 pg/L 
at the inlet and 223 pg/L in the main basin. CAAs were also very high (i.e., 202 pg/L) in 
this aquaria as previously detected by the GC-MS method. TBAA was only detected in 
the high Br seawater and salt water, but not in the low Br Park C water. Overall, the 
HAAs in both Park B and Park C aquaria were all high. TBAA was also high in Park A 
and Park B marine waters, compared with the drinking water standard. It is bypothezed 
that the HAAs at these concentrations might be a significant contribution of eye irritation 
problem in the marine parks.
The bromate concentration in low Br Park C aquaria was extremely high, 
reaching -3700 pg/L, several hundred times of EPA drinking water MCL (10 pg/L). 
Bromate actually was the major Br species (-70% of total bromo-compounds), followed 
by bromide (-28% of total bromo-compounds) in this aquaria. It is hypothesized that this 
is due to the Park C aquaria using higher ozone dosages than the other aquaria. In 
addition, the water exchange and turnover in Park C aquaria is also generally less
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MBAA BCAA DBAA BDCAA DBCAA TBAA BAAs
Park A inlet <2.54 <2.63 <1.36 <3.28 <2.15 54 54 <1.65 64.0 64.1 90
Park A main basin <2.54 <2.63 <1.36 <3.28 <2.15 19 19 <1.65 62.4 62.4 81
Park B inlet <2.54 90 <1.36 28 <2.15 69 187 ND 21.5 ND 32
ParkB main basin <2.54 55 <1.36 27 7 116 205 ND 21.6 ND 34
Park C inlet <2.54 <2.63 <1.36 122 36 <2.01 158 3790 1.54 5.49 34
Park C main basin <2.54 <2.63 <1.36 189 34 <2.01 223 3680 1.48 5.38 34
frequent than those of Park B and Park A aquaria. The bromate concentration in Park B 
aquaria was much lower than that in the Park C aquaria. At these high concentrations, 
bromate could raise health risk concern. Surprisingly, no bromate was detected in Park A 
aquaria (which uses filtered natural seawater), though the total Br concentration (mostly 
bromide) was the highest among the three marine park waters. Figure 3 showed 
chromatograms of three different water samples from three marine parks.
The only iodo-compound found in the aquaria waters was iodate. The highest 
concentration was in Park A aquaria. No detectable iodoacetic acid was found in these 
water samples. This result is similar with that in the fresh water, where iodate was also 
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Figure 3. Representative chromatograms of three marine aquaria water.
3.2.2. Formation o f HAAs, bromated, and related compounds by chlorination and 
ozonation
Further formation of FIAAs in the marine waters was tested in the laboratory by 
treating the water samples with free chlorine and ozone for 30 min, at 3mg/L dosage. 
These halogenated compounds were analyzed before and after the treatments. All of the 
detailed data were tabulated in Table 5. The profile changes are shown in Figure 4.
Table 5. Formations of FI A As and other halogenated compounds by chlorination and 






________________________ ( H g / L ) _______________________
M B A A B C A A  D B A A  B D C A A  D B C A A  T B A A  B A A s
Br03_ Br' SumBr |03'
( p g / L )  ( m g / L )  ( m g / L )  ( p g / L )
In le t N o  tre a tm e n t < 2 .5 4 < 2 .6 3 < 1 .3 6 < 3 .2 8 < 2 .1 5 54 54 < 1 .6 5 6 4 .0 6 4 .1 90
In le t F C < 2 .5 4 < 2 .6 3 < 1 .3 6 < 3 .2 8 < 2 .1 5 55 55 < 1 .6 5 N D N D N D
In le t O Z < 2 .5 4 < 2 .6 3 < 1 .3 6 < 3 .2 8 < 2 .1 5 6 1 61 < 1 .6 5 58 .6 59 .2 1 7 6
M a i n  b a s in N o  tre a tm e n t < 2 .5 4 < 2 .6 3 < 1 .3 6 < 3 .2 8 < 2 .1 5 19 19 < 1 .6 5 6 2 .4 6 2 .4 81
M a i n  b a s in F C < 2 .5 4 < 2 .6 3 < 1 .3 6 < 3 .2 8 < 2 .1 5 4 4 4 4 < 1 .6 5 5 5 .7 55.8 1 7 1
M a i n  b a s in O Z < 2 .5 4 < 2 .6 3 < 1 .3 6 < 3 .2 8 < 2 .1 5 38 38 < 1 .6 5 6 1 .2 6 1 .3 1 7 9
Park B:
In le t N o  tr e a tm e n t < 2 .5 4 90 < 1 .3 6 28 < 2 .1 5 69 1 8 7 N D 2 1 .5 N D 32
I n le t F C < 2 .5 4 < 2 .6 3 59 40 1 7 9 1 2 0 7 1 1 0 0 19 .5 2 0 .8 135
In le t O Z < 2 .5 4 < 2 .6 3 50 46 13 85 r  19 4 9 0 4 2 6 .9 2 8 .0 1 1 7
M a i n  b a s in N o  tre a tm e n t < 2 .5 4 55 < 1 .3 6 2 7 7 1 1 6 205 N D 2 1 .6 N D 34
M a i n  b a s in F C < 2 .5 4 < 2 .6 3 62 53 16 13 4 265 8 1 0 18 .5 19 .6 12 1
M a i n  b a s in O Z < 2 .5 4 < 2 .6 3 56 62 1 7 150 285 7 4 5 2 6 .6 2 7 .7 106
Park C :
In le t N o  tr e a tm e n t < 2 .5 4 < 2 .6 3 < 1 .3 6 1 2 2 36 < 2 .0 1 158 3 7 9 0 1 .5 4 5.49 34
In le t F C < 2 .5 4 < 2 .6 3 9 1 1 9 3 7 < 2 .0 1 165 4 3 9 0 1 .9 0 6 .46 18 4
I n le t O Z < 2 .5 4 < 2 .6 3 28 13 9 4 7 < 2 .0 1 2 1 4 3 860 1 .6 2 7 .6 2 12 0
M a i n  b a s in N o  tr e a tm e n t < 2 .5 4 < 2 .6 3 < 1 .3 6 18 9 3 4 < 2 .0 1 2 23 3680 1 .4 8 5.38 34
M a i n  b a s in F C < 2 .5 4 < 2 .6 3 16 10 8 35 < 2 .0 1 159 3650 1 .3 7 5 .1 8 1 7 3
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Fig. 4. HAAs formation by chlorination and ozonation (A: Park A; B: Park B; C: 
Park C).
For high Br Park A aquaria water, the treatment with both chlorine and ozone did 
not show significant effect on the concentrations of bromo-compounds for inlet waters, 
but increased more than double for main basin water. For Park B aquaria samples, 
bromate was detected at high concentrations, ranging from 670 to 1100 pg/L. A slight 
decrease was observed after the treatments, while several BAAs were increased.
BDCAA concentrations were also high in these samples. The treatment with both 
chlorine and ozone resulted in some increases of BAAs. Different results were seen for 
low Br Park C aquaria water: Treatment of inlet water increased the BAAs 
concentrations, but did not increase when main basin water was treated. Ozonation 
seems to have led to more BAAs formation than the same dose of free chlorine.
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Free chlorine is the most commonly used disinfectant in the marine park pools. It 
has been reported that THMs are present at higher concentrations in swimming pool 
water than those in drinking water (Beech et al, 1980). The waters in dolphin show pools 
and other basins of marine parks also contain foods and sea animal excrement. The 
concentrations of THMs might be much higher than those in the drinking water and the 
swimming pool water. It may cause eye and skin irritation. Thus, measurement of the 
concentrations of THMs in the marine park pools should be very useful for the 
identification of health risk and eye/skin irritants for both pool workers and the sea 
animals.
3.3.1. THMs occurrence in marine aquaria
Marine park water samples were collected in different seasons and THMs were 
analyzed by the new SPME GC-MS method as shown in chapter 2 of this dissertation. 
Due to the large difference of Br concentrations in the three marine park waters, very 
different THM species were observed. Figure 5 shows representative chromatograms of 
THMs standards and marine park water samples. It is clear that tribromomethane is the 
only major THM in seawater based high Br water with only a very small amount of 
dibromochloromethane. A large portion of trichloromethane and bromodichloromethane 
were present in the low Br salt water. The detailed concentrations of THMs of inlet and 
main basin waters from each park are listed in Table 6. Park C aquaria water samples 
were detected with the highest total THM (THM4) concentrations (73-120 pg/L). The 
samples from Park B and Park A marine parks aquaria showed higher THM4 collected
3.3. Trihalomethanes occurrence and formation in marine park aquaria
1 1 0
during the wanner temperature (March and April) than the cold temperature (January). 
Overall, THM4 concentrations were higher than EPA regulatory limit for drinking water 
during the warmer temperature, but not extremely high to cause the severe eye irritation 
problem by just this group of DBPs alone, though it should be a contribution of the eye 
irritation problem together with the other irritants.
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Figure 5. Chromatograms of THMs standards, low bromide saltwater, and high bromide 
seawaters.
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Table 6. THMs concentrations in marine park dolphin show pools water samples.
S a m p les
C o n c en tra tio n  (p g /L  (% R S D ))
C H C l, C H B r C l, C H B rjC I C H B r 3 S u m
O rla n d o  d o lp h in  sh o w  p o o l sa lt  w a te r  ( [b ro m id e]~ 4  m g /L )
Inle t (Ja n  2008) 52.53 ( 1 4 .7 5 % ) 12 .6 3  ( 1 7 .1 0 % ) 7 .1 7 ( 2 1 . 0 8 % ) 12 .6 3  (2 2 .2 5 % ) 84.96
M a in  basin (Ja n  20 08) 6 5.89  (2 .9 6 % ) 1 7 .5 8  (0 .8 8 % ) 1 1 .5 6  (0 .0 0 % ) 2 5 .2 9  (0 .6 2 % ) 12 0 .3 2
M a in  basin ( A p r  2008) 5 4 .4 9  ( 0 .7 5 % ) 13 .3 6  ( 1 .0 0 % ) 5.09 ( 3 .6 4 % ) < 0 .1 7 2 .9 4
M a in  basin ( M a y  20 08) N D 12.9 6 8.06 < 0 .1 2 1 .0 2
T e x a s  d o lp h in  s h o w  p o o l s a lt  w a te r  ( [b ro m id e]~ 2 5  m g /L )
Inlet (Ja n  20 08) 1 .8 1 1 .8 4 2 .5 4 16.03 2 2 .2 2
M a in  basin (Ja n  20 08) 1 .8 2  ( 0 .5 % ) 1.8 9  (0 .9 8 % ) 2.8 3  ( 3 .9 1 % ) 2 1 .9 6  (9 .2 3 % ) 28.5
M a in  basin ( M a r  20 08) < 0 .1 < 0 .1 2 .7 5  ( 0 .3 7 % ) 9 5.31 (2 .5 7 % ) 98.06
M a in  basin ( M a y  20 0 8 ) N D 19.93 3.90 1 1 7 .1 6 140 .9 8
S an  D ie g o  d o lp h in  s h o w  p o o l s e a w a te r  ( [b ro m id e]~ 6 0  m g /L )
Inlet (Ja n  2008) 1.83 1.8 8 3 .8 7 4 6 .1 2 5 3 .7
M a in  basin (Ja n  20 0 8 ) 1.83 1.8 2 2 .4 8 1 9 .7 4 2 5 .8 7
M a in  basin ( A p r  20 08) < 0 .1 < 0 .1 3 .4 6  ( 1 .7 7 % ) 8 1 .7 4 ( 2 .8 0 % ) 85.2
M ain  basin ( M a y  2008) N D < 0 .1 5.29 93.04 98.33
THMs in Park C aquaria waters were mainly CHCI3 and a very low level of 
CHBr3, while the other two parks found mainly CHBr3 with very low or non-detectable 
levels of CHCI3. It was also found that the water samples collected in March, April, and 
May had much higher concentrations of THMs than those collected in January in Park B 
and Park A pools, but not Park C pools. This might result from the increased temperature 
or the activities in the pools. This might also be a cause of increased eye irritation 
problems in the warmer weather seasons.
3.3.2. THMs formation by chlorination
The marine park waters from dolphin show pool inlets and main basins were 
treated with lmg/L and 3mg/L free chlorine for 30 min. The concentrations of THMs 
were detected before and after treatments. The results are shown in Table 7 and Figure 6. 
THM4 increased significantly (roughly doubled) after the treatment for the high Br
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Table 7. Trihalomethanes formation by free chlorine treatment.
Sample FC treatment
THM concentration (pg/L)
C H C I 3 C H B rC I 2 C H B r 2Cl C H B r 3 T H M 4
Park A:
I n le t N o  t r e a t m e n t 1 .8 3 0 .3 9 6 .1 2 2 3 .1 3 1 .4
I n le t lm g / L N D 0 .2 1 4 .0 3 6 5 .4 6 9 .6
I n le t 3 m g / L N D 0 .0 5 4 .4 9 7 6 .2 8 0 .7
M a in  b a s in N o  t r e a t m e n t 1 .8 3 0 .2 6 3 .5 4 1 6 .4 2 2 .0
M a in  b a s in lm g / L < 0.1 1 .2 6 2 .4 7 4 0 .4 4 4 .1
M a in  b a s in 3 m g / L 0 .2 1 0 .0 1 3 .1 4 5 0 .4 5 3 .8
Park B:
I n le t N o  t r e a t m e n t 1 .8 1 0 .6 2 6 .4 1 1 7 .8 2 6 .6
I n le t lm g / L <0.1 0 .3 3 3 .6 5 2 .2 5 6 .1
I n le t 3 m g / L 0 .7 5 0 .4 3 2 .9 9 5 5 .8 6 0 .0
M a in  b a s in N o  t r e a t m e n t 1 .8 1 0 .4 3 7 .5 6 1 7 .8 2 7 .6
M a in  b a s in lm g / L < 0.1 0 .2 1 4 .0 6 5 3 .2 5 7 .5
M a in  b a s in 3 m g / L < 0.1 0 .5 1 2 .8 3 58 6 1 .3
Park C:
I n le t N o  t r e a t m e n t 4 7 .1 1 8 .8 11 1 6 .7 9 3 .6
I n le t lm g / L 2 8 .7 2 0 .1 1 3 .6 4 1 103
I n le t 3 m g / L 3 0 .0 2 0 .7 1 1 .9 2 3 .8 8 6 .4
M a in  b a s in N o  t r e a t m e n t 6 4 .5 2 7 .9 1 5 .7 2 6 .9 135
M a in  b a s in lm g / L 3 6 .9 2 0 .2 1 4 .5 3 8 .9 111
M a in  b a s in 3 m g / L 2 5 .0 2 1 .3 1 3 .9 2 9 .8 9 0 .0
waters (Park A and Park B), and the predominant THM was bromoform. However, the 
THMs concentration in low Br saltwater in Park C pool did not show significant change 
after the treatment, instead, some species conversions were observed in the inlet water 
sample. The reason for the Park D THM4 behavior is not well understood at this time.
One possible reason might be the majority of Br presented is bromate, which is not a 
precursor of THMs, thereby minimizing the formation of THMs.
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Fig 6. THMs formation by chlorination.
3.3.3. THMs formation by ozonation
The marine park waters from dolphin show pool inlets and main basins were also 
treated with lmg/L and 3mg/L ozone. After the ozone treatment of Park A and Park B 
marine park water samples, THMs concentrations increased, but to a lesser degree than 
those with free chlorine treatment (Table 8 and Fig 7). For Park C aquaria samples, THM 
concentrations did not change significantly, though the CHB^Cl concentration increased 
with the decrease of CHBr3 and CHBrCfz concentrations.
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Table 8. Trihalomethanes formation by ozonation.
Sample Ozone treatment
THM concentration (pg/L)
CHCI3 C H B rC I2 C H B r2CI C H B r3 T H M 4
Park A:
In let N o  t re a t m e n t 1.83 0.39 6.12 23.1 31.4
In let lm g / L N D <0.1 10.7 31.6 42.3
In let 3m g/L N D <0.1 11.5 35.4 46.9
M a in  basin N o  t re a tm e n t 1.83 0.26 3.54 16.4 22.0
M a in  b asin lm g / L <0.1 <0.1 4.85 18.2 23.1
M a in  b asin 3m g/L <0.1 <0.1 6.28 23.3 29.6
Park B:
In let N o  t re a t m e n t 1.81 0.62 6.41 17.8 26.6
In let lm g / L <0.1 <0.1 11.54 28 39.5
In let 3m g/L <0.1 <0.1 12.41 37 49.4
M a in  b asin N o  t re a tm e n t 1.81 0.43 7.56 17.8 27.6
M a in  b asin lm g / L <0.1 <0.1 9.21 22.4 31.6
M a in  b asin 3m g/L <0.1 <0.1 10.4 29.3 39.7
Park C:
In let N o  t re a tm e n t 47.1 18.8 11.0 16.7 93.6
In let lm g / L N D 3.33 27.9 7.59 N D
In let 3m g/L N D 2.7 31.9 11.2 N D
M a in  basin N o  t re a tm e n t 64.5 27.9 15.7 26.9 135
M a in  b asin lm g / L N D 3.38 32 9.94 N D
M a in  basin 3m g/L N D 2.67 37.2 13.2 N D
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B i n l e t






Fig. 7. THMs formation by treatment with ozone.
In summary, it is hypothesized that the THMs formed after chlorine and ozone 
treatments contributed to the eye irritation in Park A and Park B aquaria, but is unlikely 
to be the only or major irritant at these concentrations in the samples collected. In the 
tests performed with the samples collected during April and May, the THMs 
concentrations were much higher, and might be an even more significant contribution to 
the eye irritation issues encountered in the aquaria.
3.4. Halonitromethanes occurrence and formation in marine park aquaria
3.4.1. Occurrence o f HNMs in marine park aquaria water
Calibration standards were prepared in salt water (containing the same major 
components as the seawater). The calibration concentration range used was 1-1000 pg/L.
All of the standards tested showed very good calibration linearity with the correlation 
coefficients of greater than 0.99.
Water samples were collected in both a cold month (January 2008) and a warm 
month (May 2008). Both inlet (i.e., freshly treated water) and main basin (i.e., dolphin 
show basin) waters were tested for the winter samples, but only the main basin samples 
were tested in warm season (due to resource limitations). The occurrence results are 
shown in Table 9.
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Table 9. Occurrence of halonitromethanes in marine park aquaria.
HNMs concentration (pg/L)
Sample
C N M D C N M T C N M B N M B C N M D B N M T o ta l H N M
Park A:
In let (Jan, 2008) 3.99 <0.09 <0.10 0.81 0.28 1.00 6.08
M a in  b asin  (Jan, 2008) 0.52 <0.09 0.52 0.21 0.17 1.04 2.46
M a in  b a s in  (M ay, 2008) <0.07 <0.09 <0.10 4.98 <0.10 9.00 13.98
Park B:
In let (Jan, 2008) 1.00 0.45 <0.10 0.41 0.27 3.51 5.64
M a in  b asin  (Jan, 2008) 0.75 <0.09 <0.10 0.56 0.63 3.16 5.10
M a in  b a s in  (M ay, 2008) <0.07 <0.09 <0.10 <0.06 6.00 7.10 13.10
Park C:
In let (Jan, 2008) <0.07 2.14 36.2 2.31 2.65 5.23 48.5
M a in  b asin  (Jan, 2008) <0.07 3.15 47.7 2.82 5.08 10.9 69.7
M a in  b a s in  (M ay, 2008) <0.07 10.22 46.55 4.87 6.59 6.93 75.16
The concentrations of the total HNMs were very high in Park C aquaria waters 
from both inlet and main basin, compared with the drinking water occurrence study result
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of 0.1-3 |ng/L (Weinberg et al, 2002). The dominant species TCNM. The concentrations 
of HNMs in main basin water were higher than those in the inlet water. The 
concentrations of six detected HNMs at Park A and Park B waters were not as high as 
those in Park C aquaria water. (Neither TBNM or DBCNM were not analyzed in this 
study because of a lack of reliable stable standards). Br concentrations in these two 
aquaria waters were much higher than those of the Park C aquaria, leading to the 
formation of more brominated HNMs, including presumably TBNM and DBCNM. 
Analysis of these brominated DBPs could be very useful for assessments of HNMs in 
these marine park waters. In general, the total HNMs concentrations were higher in the 
water collected in May than those in January, (especially in Park C aquaria water 
samples) with the highest concentration being 75 pg/L. HNMs were more recently 
discovered DBPs with the highest toxicity reported to date (Krasner et al, 2006; 
Richardson et al, 2007). These high concentrations of HNMs should be examined further 
as a potential eye irritant and/or health risk agent in the marine aquaria.
3.4.2. HNMs formation by chlorination o f aquaria water
The results of HNMs formation by treatments with lmg/L and 3mg/L of free 
chlorine for 15 min were tabulated in Table 10, and illustrated in Fig 8. After treatment 
with chlorine, HNMs concentration increased dramatically (2-5 times) in all the water 
samples. Increased chlorine dosage seemed not to increase HNMs formation.
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Table 10. Halonitromethanes formation by chlorination of marine aquaria water for 15 
min.
Sample FC treatment HNMs concentration (pg/L)
C N M D C N M TC N M B N M B CN M D B N M Total H N M
Park A:
Inlet N o treatm en t 3.99 <0.09 <0.10 0.81 0.28 1.00 6.08
Inlet lm g/L 1.23 0.53 1.18 0.40 1.81 11.3 16.5
Inlet 3mg/L 1.07 <0.09 2.29 2.11 2.03 7.09 14.6
M ain basin N o  treatm ent 0.52 <0.09 0.52 0.21 0.17 1.04 2.46
M ain basin lm g/L 1.20 <0.09 0.49 1.53 0.97 1.26 5.45
M ain basin 3mg/L 1.04 <0.09 4.48 0.78 1.66 4.9 12.9
Park B:
Inlet N o treatm ent 1.00 0.45 <0.10 0.41 0.27 3.51 5.64
Inlet lm g/L 1.17 <0.09 1.02 0.23 3.64 10.7 16.8
Inlet 3mg/L 1.39 <0.09 2.64 0.97 2.76 7.20 15.0
M ain  basin N o  treatm ent 0.75 <0.09 <0.10 0.56 0.63 3.16 5.10
M ain basin lm g/L 0.97 <0.09 0.13 0.10 3.47 9.50 14.2
M ain basin 3mg/L 1.39 <0.09 2.83 0.81 2.61 7.95 15.6
Park C:
Inlet N o  treatm ent 0.00 2.14 36.2 2.31 2.65 5.23 48.5
Inlet lm g/L 0.50 5.04 79.9 0.14 7.86 18.3 112
Inlet 3mg/L 1.61 2.81 60.3 1.59 6.97 14.4 87.7
M ain basin N o treatm en t 0.00 3.15 47.7 2.82 5.08 10.9 69.7
M ain  basin lm g/L 0.77 3.30 110 0.23 7.97 28.6 151
M ain basin 3mg/L 1.43 2.11 101 1.71 8.28 19.9 134
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Fig 8. HNMs occurrence and formation by FC treatment in aquaria.
3.4.3. HNMs formation by ozonation o f aquaria water
Results of HNMs formation by ozone treatment are shown in Table 11 and Fig 9. 
After ozone treatment, HNMs concentrations increased greatly, more than the increase 
scales of chlorine treatment. For Park A and Park B aquaria waters, HNMs increased 5- 
15 times of those before treatment. For Park C aquaria water samples, untreated water 
data is not available (bottle broken). It is hypothesized that the higher concentration of 
ozone led to much higher concentrations of HNMs.
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Table 11. Halonitromethanes formation by ozone treatment for 15 min.
Sample OZ treatm ent
HNM s concentration (pg/L)
CNM DCNM TCNM BNM BCNM DBNM Total HNM
Park A:
Inlet No treatment 3.99 0 0 0.81 0.3 1 6.08
Inlet lmg/L 2.99 0 0 3 2.0 8.54 16.54
Inlet 3mg/L 2.59 0.43 0 2.89 5.9 23 34.83
Main basin No treatment 0.52 0 0.52 0.21 0.2 1.04 2.46
Main basin lmg/L 3.12 0 0 5.35 0.6 3.5 12.6
Main basin 3mg/L 2.57 0 0.64 3.42 5.8 23.7 36.11
Park B:
Inlet No treatment 1 0.45 0 0.41 0.3 3.51 5.64
Inlet lmg/L 1.98 0 0 2.61 2.8 11.3 18.7
Inlet 3mg/L 1.71 0.44 1.88 2.57 7.5 10.8 24.94
Main basin No treatment 0.75 0 0 0.56 0.6 3.16 5.1
Main basin lmg/L 1.69 0 0 2.73 2.9 13.5 20.81
Main basin 3mg/L 1.48 0.51 1.85 2.62 6.9 16.9 30.25
Park C:
Inlet No treatment ND ND ND ND ND ND ND
Inlet lmg/L 0.0 0.42 25.9 2.22 1 1.87 31.09
Inlet 3mg/L 0.8 0.42 26.5 2.12 1.1 4.79 35.7
Main basin No treatment ND ND ND ND ND ND ND
Main basin lmg/L 0.5 0.51 31.3 2.05 1 2.14 37.28
Main basin 3mg/L 0.4 0.54 39.7 2.11 0.9 4.56 48.21
S  DCNM
■ Total HNM
C  inlet CMB
Fig 9. HNMs formation by ozonation of aquaria water.
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3.4.4. HNMs formation with longer treatment time o f summer samples
Marine aquaria water samples were also collected in May of 2008, the warmer 
season, for the occurrence and formation study. The water samples were treated for 
longer time (60 min) with 3 mg/L chlorine or ozone disinfectant and then analyzed by 
using the LLE GC-MS method. The results of the tests are shown in Table 12.
Table 12. Formation of HNMs by treatment for 60 min with chlorine (3mg/L) and ozone 
(3mg/L) in marine park aquara water collected in May, 2008.
Sample
H NM s concentration (pg/L)
CNM
Park A:
Main basin water no treatment <0.07
Main basin watertreated with FC 5.42
Main basin watertreated with 03 5.93
Park B:
Main basin water no treatment <0.07
Main basin watertreated with FC 5.18
Main basin watertreated with 03 6.29
Park C:
Main basin water no treatment <0.07
Main basin water treated with FC 4.36
Main basin water treated with 03 6.96
DCNM TCNM BNM BCNM DBNM Total HNM
<0.09 <0.10 4.98 <0.10 9.00 13.98
<0.09 <0.10 4.90 6.38 8.87 25.57
<0.09 <0.10 5.56 7.07 11.83 30.39
<0.09 <0.10 <0.06 6.00 7.10 13.10
<0.09 <0.10 <0.06 6.28 9.04 20.50
<0.09 <0.10 5.49 7.09 12.05 30.92
10.22 46.55 4.87 6.59 6.93 75.16
6.49 51.57 <0.06 6.84 7.63 76.89
9.88 43.5 <0.06 7.58 7.91 75.83
The data shows that the HNM concentrations in the water collected in May were 
highest. The highest concentrations of HNMs were found in Park C (excluding the 
bromated HNMs, TBNM, DBCNM, and BDCNM). Both chlorine and ozone treatments 
caused an increase in the HNMs concentration (by 2-3 times) in both Park A and Park B 
aquaria waters. However, there were no significant changes after either chlorine or ozone
treatment for the Park C aquaria low-Br water. This is a different result that for the 
winter-time chlorine treatment results. The reason for this difference is not certain, 
although it might be due to a difference in treatment time, or the (high) initial 
concentrations.
In summary, the HNMs concentrations observed in each of the marine parks were 
quite high. After both FC and ozone treatments, their concentrations increased 
significantly. These compounds are known to be toxic, and might pose health concerns. It 
is hypothesized that HNMs may be a key contributor to eye irritation issues in the marine 
aquaria. In the high Br Park A and Park B aquaria water samples, more bromated HNMs 
results from chlorination and ozonation. While TBNM, DBCNM, and BDCNM were not 
detected in this study, their concentrations might be high in the high bromide water. It 
will be very useful to perform more experiments to detect these formation and 
degradation of these compounds in marine (and fresh) water systems.
3.5. Unknown DBPs formation
A very important observation during the LLE-GC-MS detection of HNMs was the 
formation of several unidentified DBPs. These unidentified compounds were not 
detected in the water samples collected and shipped to our laboratory from the aquaria, 
but formed during further disinfection treatment with chlorine and ozone. For low 
bromide Park C dolphin pool waters, these unidentified compounds were not detected 
before and after treated with disinfectants. For high bromide Park A and Park B aquaria 
waters, several unknown compounds were formed (as indicated by several very large 
GC-MS peaks in the chromatograms) after treatment with chlorine and ozone. The size
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of the unidentified peaks correlated with Br concentrations. Specifically, the highest Br 
concentration aquaria water (Park A) resulted in the highest peaks of these unknown 
compounds. The second highest Br concentration aquaria water (Park B) resulted smaller 
peaks of these compounds. The low Br Park C aquaria water did not form any detectable 
unknown compounds, after treatment with the chlorine or ozone disinfectants. A further 
trend was that higher disinfectant dosage resulted in larger unknown peaks. The total ion 
chromatograms (TIC) of MS scans of Park A high Br aquaria water are shown in Figure 
10. The mass spectra of the major unknown peaks were shown in Figure 11.
The GC-MS library search did not find any high quality matches for these 
compounds. It is hypothesized that these compounds were relatively unstable because we 
could not detect them in the water samples received from both Park A and Park B marine 
aquaria samples, indicating they might have decomposed or evaporated, or converted to 
different compounds within the 24 to 48 hours shipment and storage time for the samples 
The compounds clearly appear to involve both chlorine and ozone reactions with Br and 
other constituents. It would be of value to identify these unknowns so as to facilitate 
their study with respect to formation, stability, toxicity, and potential eye irritation 
effects. It is hypothesized that these brominated unknown compounds may contribute to 
the eye irritation problems observed in the marine parks.
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Figure 10. Total ion chromatograms of untreated (top), lmg/L chlorine treated (middle), 
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Total Br concentrations were found to be very different in the three study aquaria. 
The Park A aquaria (filtered natural seawater) had the highest total Br concentration 
(~65mg/L), followed by Park B aquaria (which used high bromide salt in its salt water 
preparation) with of 23-25mg/L Br, and Park C aquaria (which used low bromide salt) 
with from 4 to 6mg/L Br. This total Br concentration difference leads to very different 
DBP species in the aquaria water. Bromo-DBPs were the dominant DBP species in the 
high Br water, and more chloro-DBPs were found in the low Br water.
HNMs concentrations were high in waters from all three aquaria. The highest 
HNMs were in Park C aquaria, reaching up to 75 pg/L, more than 10 times higher than 
those reported in the drinking water. HAA and THM concentrations were also high in all 
three aquaria waters. The predominant DBPs were brominated species for high Br water, 
and more chlorinated species in low Br water.
It was observed that the water sample collected in warmer season (April-May) 
had higher concentrations of DBPs than those collected in cooler season (January) in 
Park B and Park A aquaria. It is hypothesized that this may result from the increased 
temperature or increased activities in the pools. This might also be a cause of increased 
eye irritation problems in the warmer weather seasons.
Bromate concentration was extremely high in the water from low Br Park C 
dolphin basin, reaching 3700 pg/L (10 pg/L is the current EPA regulation MCL). The 
concentration of bromate in Park B dolphin pool ranges from 670 pg/L to 1100 pg/L. 
There was no detectable bromate found (<MDL of 2.5 pg/L, if any) in Park A dolphin
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main basin though the highest concentration of total Br was present in this aquaria. These 
results may be explained by the fact that Park A must operate on a zero discharge, closed 
system (causing bromate to build up), while Park A (and to a lesser degree, Park B) 
continually discharges and brings in fresh waters.
Iodine concentration in the three parks ranged from 30 tolOO pg/L. Major 
species of iodo- compound was iodate.
Treatment in the laboratory with chlorine and ozone was performed to study the 
formation of the DBPs. The disinfection treatments were mostly further increased the 
DBP concentrations, especially HNMs.
Several unidentified DBPs were formed during chlorination and ozonation of high 
Br seawater and saltwater aquaria, but not low Br saltwater aquaria. These unknown 
DBPs should be identified for further study.
In conclusion, the high concentrations of DBPs in the marine park aquaria may 
pose toxicity and eye irritation issues for trainers and/or animals. Contributing DBPs 
likely include, but are not limited to, haloamines, halonitromethanes, bromate, 
halomethanes, haloacetic acids, and some other compounds not tested in this study. 
While any single one of these compounds may not cause serious eye irritation at the 
concentration present in the water; synergistic effects of the mixture of DBPs (especially 
brominated DBPs) is hypothesized to be the key cause of eye irritation. This synergistic 
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This dissertation focused on disinfection by product analytical method 
development, and occurrence and formation studies in both Missouri drinking water 
systems and marine park aquaria. The dissertation is composed of five manuscripts that 
are published, submitted for publication, or will be submitted for publications in the peer- 
review journals.
Paper 1 is a rapid IC-ICP/MS method for simultaneous analysis of iodoacetic 
acids, bromoacetic acids, bromate, and other related halogenated compounds in water. 
Key conclusions regarding this method are that the method:
1) can rapidly separate and detect 14 halogenated compounds simultaneously 
with good sensitivity and selectivity;
2) can analyze the largest number of compounds in a single run by IC-ICP- 
MS published up to date;
3) is also the first method that can detect bromo- and iodo-acetic acids 
without any time consuming sample extraction and derivitazation;
4) is the most sensitive method for bromate detection without pre­
concentration and derivitazation simple met; and
5) is a simple method applicable for both fresh waters and saltwater/seawater
analyses.
Paper 2 described a fast and sensitive detection method of trihalomethanes in 
water by solid phase microextraction gas chromatography-mass spectrometry. Key 
conclusions regarding this method are that the method:
1) is very sensitive, fast, and economical; and
2) can be used for drinking water, surface water, and complicated matrix 
seawater/salt waters.
Paper 3 studied the total Br and total I in Missouri drinking water and source 
water by a sensitive and selective ICP-MS method. A total of 34 water systems, 
including untreated source water and treated drinking water were investigated in both 
winter and summer seasons. Key conclusions were:
1) the total Br and total I concentrations in Missouri drinking water and 
source water vary greatly, ranging from 1.71 to 1177 pg/L and 0.72 to 
67.07 for Br and I, respectively;
2) the concentrations of total Br and total I were higher in the finished 
drinking water than their corresponding untreated source water in most 
cases;
3) further studies of these observations for confirmation by speciation or 
alternative method are desirable; and
4) the sources of the increased Br and I should be investigated and minimized 
because Br-DBP and I-DBP are more toxic than the corresponding Cl- 
DBP in general.
Paper 4 was a screening study of HNMs in Missouri drinking water. HNMs 
concentrations in 34 Missouri drinking water systems were analyzed, in both winter and
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summer seasons, by using liquid-liquid extraction and GC-MS detection. Key 
conclusions were:
1) HNMs concentrations ranged from non-detectable to 6.71 qg/L with a 
median of 1.65 qg/L in winter samples;
2) the concentrations of HNMs in summer samples ranged from non- 
detectable to 2.83 qg/L with a median of 0.98 qg/L;
3) HNMs concentration ranges were in the range of USA national screening 
level (<MDL-10 qg/L);
4) the major HNMs found were TCNM and BCNM;
5) HNM concentrations were higher in winter than summer season;
6) water from underground water sources had the lowest HNM 
concentrations; and
7) TBNM showed significant correlation with total Br in summer samples.
Paper 5 was a more comprehensive study of marine park aquaria water DBPs
occurrence and formation. Total Br and total I, as well as other related hylogens were 
also studied. Key conclusions were:
1) total bromine concentrations were very different in 3 aquaria;
2) total Br in Park A aquaria was 60-65 mg/L, Park B was 23-25 mg/L, and 
Park C was 4-6 mg/L;
3) total Br concentration difference leaded very different DBP species in the 
water;
4) bromate concentration was found very high in low total Br Park C 
aquaria, reached to -3700 qg/L;
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5) bromated in Park A marine aquaria was non-detectable, though the total 
Br was the highest among the three aquaria;
6) Br-DBPs were dominant DBP species in the high Br water and more Cl- 
DBPs were found in low Br water;
7) HNMs concentrations were very high in all 3 aquaria, the highest was 
Park C aquariaaquaria (up to ~75 pg/L);
8) further treatment of the marine water samples with free chlorine and ozone 
in laboratory leaded dramatic increase of HNMs;
9) HAAs concentrations were also very high in the aquaria, reached to mg/L 
level in some samples;
10) DBPs in the marine park aquaria could be harmful for workers and the 
marine animals;
11) DBPs in the marine park aquaria could also be the causes, at least 
partially, of the eye/skin irritation problems in the aquaria.
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